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Light emitting transistors (LETs) and transistor lasers (TLs) are newly-emerging 
optoelectronic devices capable of emitting spontaneous or stimulated light while 
performing transistor actions.  In the form of a heterojunction bipolar transistor (HBT) 
with quantum wells (QWs) incorporated in the base region, LETs and TLs opens up 
many immediate and potential applications in optoelectronic integrated circuits and high-
speed photonics.  This dissertation describes the design, growth, and performances of 
long wavelength LETs and TLs based on InAlGaAs/InP material system. 
First, the doping behaviors of zinc (Zn) and carbon (C) in InAlGaAs bulk layers 
for p-type doping were investigated and clarified.  Zn is found to be very diffusive in 
semiconductor matrix and can by contained in the base region only when the doping is 
lower than 4×1018 cm-3 and growth engineering is employed.  On the other hand, C 
doping shows a low diffusivity and high doping levels but the material quality of C-
doped InAlGaAs layers is poor.  Using both dopants, the N-InP/p-In0.52(AlxGa1-x)0.48As/N-
In0.52Al0.48As LETs with InGaAs QWs demonstrate both light emission and current gain 
(β).  The Zn-doped LET shows a β of 45, making it more like an HBT while the C-doped 
LET shows stronger light output at 1.65 µm, making it more like a light emitting diode 
(LED).  A charge control analysis was proposed to explain the different device 
performances in Zn- and C-doped LETs. 
A TL based on a C-doped double heterostructure (DH-TL) was designed and 
fabricated.  The device lases at liquid nitrogen temperature with a threshold current 
density (Jth) of 2.25 kA/cm2, emission wavelength (λ) at ~1.55 µm, and β of 0.02.  The 
strong intervalence band absorption (IVBA) is considered as the main intrinsic optical 
 xiv
loss that limits the optical output and prohibits the device from lasing at room 
temperature.  The threshold condition in long wavelength InAlGaAs/InP TLs was then 
theoretically and numerically investigated.  It is found that room-temperature lasing of a 
DH-TL is achieved only when the base thickness and doping level are within a specific 
narrow range.  However, the selectable range is significantly expanded by mean of facet 
coating, structure engineering, and QW design.  By using a more compressively-strained 
or thicker QW as the active region in a separate confinement heterostructure TL (SCH-
TL), it is possible to obtain a Jth as low as sub-100 A/cm2. 
1 
CHAPTER 1 
Introduction to Light Emitting Transistors and Transistor Lasers 
 
1.1 Emergence of Light Emitting Transistors 
In the field of semiconductor devices, compound semiconductor materials are uniquely 
suited for the production of fast transistors, light emitters, and detectors.  The higher mobility of 
electrons in compound semiconductors, which are able to travel at more than twice the speed of 
that in silicon (Si), makes their devices such as heterojunction bipolar transistors (HBTs) and 
field effect transistors (FETs) capable of higher operating frequencies and improved 
performances.  At the same time, the major binary materials, including gallium arsenide (GaAs), 
indium phosphide (InP), and gallium nitride (GaN), possess the direct bandgap required for high 
radiative recombination efficiency and high absorption coefficient.  This inherent property, 
combined with a great flexibility of material selection that enables various desired 
heterostructures, makes them the ideal materials for light emitting diodes (LEDs), laser diodes 
(LDs), photo detectors (PDs), and solar cells (SCs).  With a total market value of over $10 billion 
each year [1], compound semiconductors are the dominant material technology in applications 
such as broadband lightwave network, wireless communication, radar systems, high-speed 
electronics, infrared imaging, and solid state lighting.  
As the compound semiconductor devices are mainly divided into these two categories, i.e., 
electronic devices that control the flow of electrons and optoelectronic devices that involve the 
interaction between electrons and photons, one question may naturally arise: is it possible to 
make such a device that is capable of generating both electrical and optical signals 
simultaneously, since the active components are made of the same materials?  Only in 2004 did 
2 
the answer become positive when the research team at University of Illinois at Urbana-
Champaign directly observed light emission from an InGaP/GaAs HBT and gave birth to a new 
type of three-port compact light source, light emitting transistors (LETs) [2].  Their patent reads: 
“The LET extends the capabilities of LEDs and could make this transistor the fundamental 
element in electronics and optoelectronics.”  It was almost 60 years after the invention of 
transistors [3] and more than 40 years after the invention of LEDs [4].  The development of 
LETs, which bridge the functionality gap of LEDs and HBTs, seems to be a natural evolvement 
within the 50-years of compound semiconductor research and exploitation.   
 
1.2 Basic Operation Theory 
Optoelectronic devices generally deal with two types of carries, negatively charged 
electrons and positively charged holes.  In a two-terminal pin LED structure with forward bias, 
electrons are injected from the n-side (cathode) and holes are injected from the p-side (anode) 
into the i-region whereby these excess carriers undergo radiative recombination, as illustrated in 
Figure 1.1 (a).  When quantum wells (QWs) are inserted in the active region, most carriers will 
be trapped by the QWs due to the quantum confinement of the heterostructures, thus giving rise 
to improved luminescence efficiency [5].    
The operation of a three-terminal bipolar junction transistor (BJT) also involves both 
electrons and holes with the assist of an additional junction.  In the case of an npn transistor in 
the forward active mode, electrons are injected from the emitter, swept across the base, and 
collected at the base-collector (BC) depletion region due to the reverse biased electrical field.  
During this process, some electrons recombine rapidly with holes, supported by the base current 
that is essential for transistor operation.  Traditionally, researchers try to minimize the base 
3 
recombination current in Si-based BJTs and compound-based HBTs because it’s considered as a 
waste current that generates unwanted heat [6].  LETs, on the contrary, utilize the radiative 
recombination by intentionally incorporating QW(s) in the base region of III-V based HBTs, 
thanks to the high radiative recombination efficiency in direct bandgap materials.  As a result, we 
have a unique device that produces both electrical and optical signals.  The operation principles 
for the HBT and LET are schematically illustrated in Figure 1.1 (b) and (c), respectively.  The 
major structural difference between these two devices is the presence of QW(s) in the LET.   
In the HBT, the base current normally consists of [6]: 
1. Bulk recombination current; 
2. Base-emitter (BE) space-charge recombination current; 
3. Hole backward injection, surface recombination and base contact interface 
recombination current. 
The bulk component can be made up of radiative recombination, Shockley-Read-Hall 
recombination, and Auger recombination.  In the LET depicted in Figure 1.1 (c), the radiative 
recombination is effectively enhanced by the carrier capture and confinement of the undoped 
QW.  Light emission is supported by the hole resupply of base current, therefore it can be 
modulated in phase with base current.  With the HBT capable of operating at speed over 700 
GHz [7], the LET owns a switching speed impossible to attain with an LED.  The base QW can 
be regarded as an optical collector in addition to the conventional electrical collector (the BC 
junction) [8], both of which consume electrons in a competitive way.  The enhanced radiative 
recombination current is a major component of the LET base current, and as a result the current 
gain of the transistor is reduced compared to that in the HBT [2].  
4 
 
Figure 1.1: Electron and hole flows in (a) an LED, (b) an HBT and (c) an LET in active mode. 
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It’s interesting to compare LETs with heterojunction phototransistors (HPTs), another kind 
of HBT-based optoelectronic device.  In HPTs, current is created by light absorption in the base 
and collector region and amplified by the transistor action [5], while in LETs light is generated at 
the cost of reduced current gain of the transistor, which is opposite to HPTs’ operation.  With 
complimentary functions and a similar material structure, these two types of devices would be 
potentially important in optoelectronic integrated circuits (OEIC). 
 
1.3 History and Development 
The concept of making transistors emit light is not new.  In 1992, Belgian researchers 
successfully built a resonant tunneling light emitting transistor using GaAs material system [9].  
In the following year, a three-terminal light emitting heterojunction field effect transistor (HFET) 
was demonstrated based on real-space transfer [10].  HBT-like light emitting structures were 
proposed and realized as well [11,12], but the active region was in the collector area, taking 
advantage of the hot electron injection.  There are also a number of reports addressing light 
emitting FETs based on organic materials [13-15].  However, none of these devices has gained 
as much focus and success as the LET does. 
 Ever since the proof-of-concept demonstration in 2004 [2], tremendous progress has been 
made to push up the LET performances.  The first LET was a plain InGaP/GaAs HBT with light 
emission at 885 nm determined by the base composition.  After that, InGaAs QWs were inserted 
into the base region and light emission was significantly enhanced [16].  The real breakthrough 
came later in the same year when laser operation of a GaAs-based HBT was demonstrated [17], 
making the LET into a transistor laser (TL).  TLs were realized by providing cladding layers for 
optical confinement and creating optical cavity for feedback.  As analogous to the LDs related to 
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LEDs, TLs are considered to be more fundamentally and practically important than LETs.  TLs 
first worked at ~200 K in pulsed mode, and then at ~213 K in continuous wave (CW) mode [18], 
and eventually at room temperature in CW mode in 2005 [19].  Distributed feedback (DFB) TL 
was also demonstrated recently [20].  Now TLs have achieved a 3dB bandwidth of 13.5 GHz 
with direct modulation [21] and 22 GHz with an auxiliary base signal [22], and extensive related 
studies are still underway. 
Besides the LETs and TLs based on InGaAs/GaAs system with operating wavelength at 
~980 nm, researchers have demonstrated LETs in the visible spectrum region corresponding to 
red (λ~650 nm) and violet (λ~385 nm) colors employing InAlGaP/InGaP/GaAs and InGaN/GaN 
heterostructures, respectively [23,24].  Here at Georgia Institute of Technology, we develop the 
long wavelength (λ~1550 nm) LETs and TLs based on InAlGaAs/InP material system [25], 
which is main subject of this thesis.  
 
1.4 Characteristics and Applications of LETs and TLs 
LETs and TLs are unique devices to study the carrier and phonon dynamics.  The most 
conspicuous feature is the compression of the collector current-voltage (I-V) characteristics or 
decrease in current gain during the transition from spontaneous to stimulated recombination [19].  
This is quite understandable since the optical gain and current gain are strongly correlated in a 
TL [26].  Simply introducing scattering on the cleaved mirror surfaces of a TL will spoil the 
lasing condition and convert it back to an LET [27].  The collector breakdown of a TL is caused 
by photo-assisted tunneling, which in turn quenches the laser operation due to high optical loss 
[28,29].  This effect is more significant in the TL with a tunnel junction collector and enables it 
to be directly modulated by the BC voltage [30,31].  Another interesting characteristic of a TL is 
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that laser operation occurs on the ground state of the QW(s) at low bias current and switches to 
first excited state at high bias current, which is not commonly observed in diode lasers [21,27].  
The higher density of states and optical gain at higher quantized energy are thought to account 
for the change of working states with increasing losses [32]. 
Perhaps the most important property of LETs and TLs is the reduced carrier recombination 
lifetime in the base region [8].  Unlike the operation of LEDs, which relies on the simultaneous 
injection of both electrons and holes to the active region, light emission from LETs and TLs 
utilizes the minority carrier recombination with the majority carrier level staying almost constant 
as the QW is always full of holes.  Due to the tilted charge distribution, the quantum capture and 
radiative recombination in the QW are competing against the fast carrier transport in the base, so 
the effective carrier lifetime is greatly reduced [33,34].  In other words, in contrast to the charge 
pile-up in LEDs, carriers that are too slow to recombine within the transistor transit time are 
removed from the base by the BC junction reverse field, allowing for only fast recombination.  
The reduced carrier lifetime makes possible a record spontaneous optical bandwidth of 4.3 GHz 
in the LET [35,36], while the highest speed ever achieved by a traditional p-i-n LED has been 
1.7 GHz with the active layer doped to 7 × 1019 cm-3 [37].  Moreover, in the case of TLs both 
experiments and calculation have shown a wide-band optical modulation along with the 
suppression of relaxation oscillation peak in the frequency response and a reduced turn-on delay 
[8,22,33,34,38, 39].  
Equipped with these unique characteristics, LETs and TLs promise many immediate and 
potential applications in optoelectronic area.  As a transistor, LET or TL provides an additional 
light signal in phase with base current, which can be used in optical integration, such as in 
optical transceivers, inter-chip communication, and displays.  Figure 1.2 is a schematic 
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implementation of an optical transceiver system using LET and HPT, where light signal is 
generated by LET and detected by HPT.  
 
 
Figure 1.2: Schematic diagram of an optical transceiver system using LET and HPT. 
 
As a light source, LETs and TLs possess a fast modulation speed and an excellent current 
handling capability, which could potentially replace the two terminal LEDs and LDs.  The 
collector current density can be as high as 2 MA/cm2 in high performance HBTs [7], whereas in 
the LDs this value is only around 10 kA/cm2.  The voltage control as well as the usual current 
control enables the TL to become a signal mixer [31,40].  In addition, thanks to the dual 
functionality of TL as a conventional HBT and a laser source [27], the complexity associated 
with monolithic integration of an HBT and a TL is significantly reduced compared to the 
integration of an HBT with an LD in term of structure design, material growth, and device 
fabrication.  Figure 1.3 (a) illustrates the conventional way of integration, where both LD and 
HBT structures are grown in the vertical direction and the LD is made after etching the HBT 
material away [41].  In contrast, the integration of an HBT and a TL is much simpler in that they 
share the same materials, as shown in Figure 1.3 (b).  As still in the material and device level of 
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the research, LETs and TLs require more focus from systems engineers and circuit designers to 
exploit their novel functionalities and integrate them into current systems.  
 
 
Figure 1.3: Monolithical integration of (a) HBT and LD and (b) HBT and TL.  
 
1.5 Motivation and Challenges of Long Wavelength LETs and TLs 
The TLs demonstrated to date have primarily been based on AlGaAs/GaAs with strained 
InGaAs QW structures, and the emission wavelength of this material system is therefore limited 
to the near-infrared region (λ~980 nm).  For fiber optical communication applications, the TL 
operating wavelength should be extended to either ~1.3 µm or ~1.55 µm and high-speed direct 
modulation of TLs can be a critical benefit at those wavelengths.  InP material system has been 
the dominant material technology in producing LDs at these wavelengths as well as in making 
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high-performance HBTs and thus becomes the best candidate for long wavelength TLs.  It also 
takes advantage of potential optoelectronic integration with InP/InGaAs HBTs or 
InGaAs/InAlGaAs/InP detectors and modulators for high-speed applications.  However, 
successful transfer of the TL technology from GaAs to InP is nontrivial.  First, compared to the 
GaAs based structures, the material gain and model gain are relatively low in InP material 
system.  The calculated optical gain for the strained InGaAs on GaAs is almost twice as large as 
that for InGaAs on InP [5].  The material selection is also limited for InP family.  AlxGa1-xAs 
ternary is nearly lattice-matched to GaAs throughout the entire composition range and lattice-
matched In0.51(AlxGa1-x)0.49P/GaAs heterostructure also plays an important role, whereas 
In0.52(AlxGa1-x)0.48As seems to be the only viable option for InP.  In addition, the presence of 
strong intervalence band absorption (IVBA) in p-type base at long wavelengths brings about 
significant loss to the system and may prohibit the device from lasing [42,43].  Finally, p-type 
doping in the base poses unique challenges.  The commonly-used p-type dopant, zinc (Zn), is 
very diffusive in the semiconductor matrix and can’t be easily controlled [44]; on the other hand, 
another widely-used dopant, carbon (C), has proved to be less efficient and C doping suffers 
from inferior material qualities and poor growth reproducibility [45].  To tackle these issues, 
knowledge on InP-based HBTs and LDs should be brought together with respect to the device 
design, growth schemes, doping conditions, and device fabrication. 
Compared to another lattice-matched InGaAsP material system, InAlGaAs materials offer 
large conduction band offset (∆Ec) and easy material growth and have been widely employed in 
the uncooled DFB LDs for fiber communication [5].  The bandgaps of the lattice-matched 
(In0.53Ga0.47As)1-x(In0.52Al0.47As)x or In~0.52(AlxGa1-x)~0.48As quaternary spans from 0.75 eV for 
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In0.53Ga0.47As to 1.5 eV for In0.52Al0.47As.  The bandgap energy (Eg) on the relative Al 
composition x can be expressed as [46]: 
 
0.75 1 1.5 0.1 1 .                                   (1.1) 
 
The conduction band and valence band offsets of In0.53Ga0.47As and In0.52Al0.47As with respect to 
InP are illustrated in Figure 1.4.  With the increase of Al composition, the band alignment 
changes from straddling lineup in InGaAs/InP to staggered lineup in InAlAs/InP, which can be 
exploited in bandgap engineering in novel devices.  The dependence of ∆Ec on x is given by [47]:  
 
0.245 0.566 0.069 .                                        (1.2) 
 
The electron effective mass (m*) on x is described by [48]: 
 
0.043 0.046 0.017 ,                                        (1.3) 
 
where  is the electron rest mass.  The refractive index at 1.55 µm in InAlGaAs is given as [49]: 
 




Figure 1.4: Band alignment of InGaAs/InP and InAlAs/InP.  
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1.6 Scope of this Dissertation 
This work describes the design, growth, and characterization of long-wavelength 
InAlGaAs/InP LETs and TLs.  The device structures have been grown by metalorganic chemical 
vapor deposition (MOCVD), which is the preferred growth technique in manufacturing in terms 
of productivity, over-all cost, uniformity, and throughput.  Of primary interest is the correlation 
between material properties and device performances via the exploration and understanding the 
device physics.  The research background of LETs and TLs, operation principles of relevant 
devices, motivations for long-wavelength LETs and TLs, and material properties of InAlGaAs 
alloys have been addressed in this chapter.  In Chapter 2, MOCVD growth technique and 
material characterization methods will be examined in detail.  Chapter 3 covers the investigation 
of LETs and TLs with Zn-doped base layers.  Chapter 4 presents the growth and performances of 
LETs and TLs with C-doped base layers.  In Chapter 5, attempts to achieve p-type materials with 
novel methods such as atomic layer epitaxy and strained superlattices will be discussed.  Chapter 
6 is devoted to the theoretical investigation and numerical evaluation of TL structures, which 
gives the guideline for designing a long wavelength TL.  Finally, Chapter 7 summarizes the 
results of this work and contemplates future directions of these studies.  
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CHAPTER 2 
Material Growth and Characterization Techniques 
 
2.1 Metalorganic Chemical Vapor Deposition 
Metalorganic chemical vapor deposition (MOCVD) is an epitaxial growth method for 
semiconductor crystals, especially for compound semiconductors.  It is a non-equilibrium vapor-
phase process where the metal precursors used are metalorganics such as trimethylindium (TMIn) 
or trimethylgallium (TMGa).  The capability of MOCVD of growing device-quality material was 
first demonstrated by Manasevit in 1968 [50] and developed by Dupuis in 1977 [51].  Due to its 
versatility, MOCVD is the most popular method employed in industry for the growth of III-V 
materials worldwide.  
 
2.1.1 MOCVD Reactor 
In MOCVD, two or more sources in a gaseous form are introduced into a reaction chamber 
where they chemically react with one another to form a solid material on a heated substrate.  
Figure 2.1 shows the schematic representation of a MOCVD system.  The MO sources 
(including group III and some dopant precursors) exist in either liquid or solid form and are 
stored in an all welded stainless steel containers, commonly referred to as “bubblers”.  A carrier 
gas (usually hydrogen, H2) passes through the containers and transports the MO precursor 
molecules into the growth chamber.  The group V precursors, on the other hand, are generally 
hydrides such arsine (AsH3) and phosphine (PH3) and are kept in high-pressure gas cylinders.  
The gas handling and switching system consists of computer-controlled mass flow controllers 
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(MFCs), pressure controllers (PCs), and pneumatic valves.  The delivery of hydride and MO 
sources are separated to avoid pre-reactions. 
 
 
Figure 2.1: Schematic diagram of a MOCVD system. 
 
All the gases are directed into the stainless steel reactor chamber from its top flange.  Inside 
the chamber, there is a flow showerhead through which the MO and hydride sources are 
introduced, a high-speed rotating susceptor for achieving a uniform boundary layer above the 
substrate, a heater system which gives thermal energy to the substrate and sources for pyrolysis 
reaction, and a thermocouple for temperature control.  
The unreacted precursors and reaction by-products are delivered to the scrubber for waste 
treatment through the exhaust system.  The main function of the exhaust system is to maintain a 
specific pressure of the reactor chamber using a vacuum pump.  Precise control of the growth 
pressure is one of the key factors to obtain reproducible high-quality and uniform epitaxial layers 
in MOCVD.      
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2.1.2 MOCVD Growth Process 
The MOCVD growth process can be divided into four processes, i.e., gas input, pyrolysis, 
diffusion, and surface reaction.  Figure 2.2 shows the schematic illustration of GaAs epitaxial 
growth using TMGa and AsH3 [52].  The basic chemical reaction that occurs on the heated GaAs 
substrate can be described by the following: 
 
(CH3)3Ga + AsH3 → GaAs + 3CH4 
 
This reaction deposits solid GaAs on the substrate and the volatile by-product CH4 along 
with carrier gases is swept away by the pump.  The quality of the epitaxial layers strongly 
depends on the choice of growth temperature, growth rate, V/III ratio, and reactor pressure.  
 
 
Figure 2.2: Schematic illustration of MOCVD epitaxial growth process: (a) gas input (b) 
pyrolysis (c) diffusion (d) surface reaction.  
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2.2 Material Characterization Techniques 
The study on semiconductor materials requires various kinds of characterization techniques 
for proper understanding of the material properties and their relations to device performances.  
Thus, the application of a desired structural, optical and electrical characterization to each 
necessary step is critical.  The primary characterization tools employed in this work will be 
described. 
 
2.2.1 X-ray Diffraction 
X-ray diffraction (XRD) is a powerful, fundamental and nondestructive characterization 
technique for semiconductor materials, from which lattice constant, residual strain, alloy 
composition, film thickness, etc. can be determined.  As semiconductor devices typically consist 
of multiple layers with various thickness and strain state, XRD is a routine characterization 
method in semiconductor growth.  
Diffraction is a phenomenon that occurs when electromagnetic wave interacts with a 
periodic structure whose repeat distance is about the same as the wavelength of the wave.  In-
phase waves cause constructive interference and out-of-phase waves are cancelled out each other 
in their superimposed wave.  Since the semiconductor crystal has a periodic atomic arrangement, 
when X-ray with a wavelength that is comparable to the periodic spacing of the crystal planes is 
applied, the crystal structure can be revealed from the diffraction pattern that is obtained by 
detecting the scattered X-ray from the sample. 
The condition of constructive interference by different crystallographic planes in a crystal 
is given by Bragg's law: 
 
2 sin                                                         (2.1) 
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 where  is the spacing between adjacent crystallographic planes,  is Bragg’s angle between 
the lattice plane and incident X-ray, n is the order of the diffraction, and λ is the wavelength of 
X-ray, typically 1.5405Å from Cu Kα1.  The principle in Bragg’ law is schematically illustrated 
in Figure 2.3.　 
 
 
Figure 2.3: Schematic illustration of Bragg’s diffraction condition. 
 
For a cubic crystal, the spacing  is given by:  
 
√
,                                                        (2.2) 
 
where a is the lattice constant of interested layer and (h k l) is the Miller indices of the 
crystallographic plane.  The usual way to determine  in XRD is ω-2θ scan.  In this diffraction 
configuration, the detector (2θ) moves at twice the angular rotation rate of the sample (ω) so that 
the measured diffraction angle remains equal to the incident beam angle.  From the measured , 
we can determine the lattice constant form Equation 2.1 and 2.2 and subsequently derive the 
information on composition and strain state of the interested layer.  When the epitaxial layer has 
abrupt interfaces, it shows interference patterns known as Pendellösung fringe [53], which is a 
good indicator of material quality and layer thickness.  For complicated multi-layer structures, 
the composition and thickness of each layer can be modeled using an X-ray simulation program.  
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The diffraction pattern from XRD is basically a measurement of the reciprocal lattice point 
(RLP) of crystallographic planes.  Furthermore, a two-dimensional mapping of the reciprocal 
space (RSM) can be generated through a set of ω-2θ scans at different ω angles, where all the 
interested RLPs can be scanned in this map.  RSM is particularly useful in determining the strain 
condition in epitaxial heterostructures from the relative position of the RLPs [54].  All the XRD 
data presented in this dissertation are taken using Philips X’Pert® MRD (Material Research 
Diffractometer) high-resolution (0.0001°) X-ray diffractometer. 
 
2.2.2 Atomic Force Microscopy 
Atomic force microscopy (AFM) makes use of a microscopic metal or semiconductor tip to 
probe the surface features of a thin film.  Its ability of providing a high-resolution image of the 
surface morphology both laterally and vertically makes it useful for looking at small features and 
defects that other characterization tools may miss.   
The principle of operation is based on the measurement of the deflection of the tip and 
cantilever using reflected laser light and a photodetector.  There are three distinct modes that can 
be used to study the sample surface, which are contact mode, non-contact mode, and tapping 
mode.  In contact mode, the tip is simply dragged across the surface, but this could damage both 
the tip and the sample.  In non-contact mode, the tip is kept a constant distance from the surface 
and the force required to keep it is thereby mapped.  However, this results in poor resolution due 
to small forces.  Lastly, so-called tapping mode was proposed, which combines the two previous 
techniques and vibrates the cantilever at its resonant frequency.  By doing this, an increase in 
sensitivity by several orders of magnitude is obtained because the local gradient van der Waals 
forces induce a change in the frequency, phase, and amplitude, which is fed back into the system. 
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Tapping mode is the most-frequently used operation method in AFM.  Basically, the 
surface morphology is generated by plotting the force to track the surface features with equal 
distance between the probe tip and the layer surface.  As illustrated in Figure 2.4, the tip is 
mounted at the end of a cantilever, bending in response to the force between the tip and the 
sample.  As the cantilever flexes, the light from a laser is deflected onto the photodetector.  A 
voltage is applied to the piezoelectric crystal that is attached to the cantilever to adjust the 
distance between cantilever and sample surface and maintain constant deflected laser intensity.  
In this manner, the mapping of the voltages gives direct information on the surface morphology.  
Surface features of ~5 nm in lateral direction and ~1 nm in vertical direction can be resolved.  
AFM is particularly useful for measuring the surface roughness of epitaxial layers and to 
understand the nature of defects in the layers.  The AFM tool used in this study is a Veeco 
Dimension 3100, operating in tapping mode. 
 
 
Figure 2.4: Schematic illustration for tapping mode operation of AFM. 
 
2.2.3 Photoluminescence 
Photoluminescence (PL) is the optical radiation emitted by a material resulting from its 
nonequilibrium state caused by an external light excitation.  The photon energy of the incident 
light source (typically laser) must be high enough to generate electron-hole pairs across the 
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bandgap of the material being characterized.  Upon excitation, the nonequilibrium and 
inhomogeneous excess carriers will diffuse around while undergoing radiative or nonradiative 
process that can be utilized to determine the fundamental recombination process, band gap 
energy, defect levels, and optical quality of a semiconductor material. 
There are generally two ways to characterize PL.  One is the spectral PL that is measured in 
steady states.  Another is the time-resolved PL (TRPL) which investigates the dynamical process 
of excess carriers.  A typical spectral PL setup consists of an excitation laser source, a high-
resolution scanning spectrometer, and a detector.  By measuring the scattered spontaneous 
emission from the sample as a function of wavelength, the PL spectrum is obtained, which 
contains the information regarding the bandgap and defect levels of a semiconductor.  In the 
TRPL measurement, excitation is provided by a very short (~1 ps) light pulse from a tunable dye 
laser or Ti:sapphire laser and PL kinetics are measured using a fast photomultiplier tube (PMT) 
or streak camera.  In this case, the emission intensity at a certain wavelength is recorded as a 
function of time, which gives the information on the recombination lifetime of excess carriers in 
the semiconductor.  
We use an Accent RPM-2000 PL system equipped with a 785 nm diode laser and an 
InGaAs detector to perform the spectral PL measurement.  The TRPL kinetics are obtained using 
an excitation wavelength of 680 nm with ~200 fs laser pulses and a near-infrared PMT detector. 
  
2.2.4 Secondary Ion Mass Spectroscopy 
Secondary ion mass spectroscopy (SIMS) is an analytical characterization technique used 
to trace the constituent elements, dopants, and impurities in solid materials, especially in 
semiconductors and thin films.  Among the ion beam techniques, SIMS is the most sensitive 
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technique with detection limits for certain elements in the range of 1014 to 1015 cm-3.  It works by 
sputtering the sample surface with a focused ion beam (usually Cs+), producing the physical 
damage to the materials.  The ejected secondary ions are extracted and analyzed using a mass 
spectroscopy system.  The number of ions ejected per incident ion is called the secondary ion 
yield.  It can be plotted against the sputtering time; however, this can be more meaningful when 
the secondary ion yield is scaled to a unit of atomic concentration in comparison with previous 
calibration runs using ion-implanted samples and the sputtering time is scaled to a unit of depth 
by scaling with the depth of the hole formed when the sputtering is completed.  In this way, the 
element profile as a function of depth is generated.  One of the limitations often observed during 
SIMS is a high concentration of any elements abundant in atmosphere, such as carbon, nitrogen, 
or oxygen at the surface, showing gradual decrease of concentration into the material.  SIMS 
data presented in this dissertation are gathered by Evans Analytical Group.  
 
2.2.5 Hall Effect  
The Hall effect measurement is a very simple technique for characterizing semiconductor 
material resistivity, carrier concentration, carrier type, and carrier mobility.  The Hall effect 
occurs when an electromagnetic field is applied across a biased conductor, which produces a 
potential difference in the plane orthogonal to the magnetic field.  The ratio of the measured 
voltage to the product of the current and magnetic field is defined as the Hall-coefficient (RH), 
which is inversely proportional to the charge carrier density as: 
 
 n  or  p .                                                         (2.3) 
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This technique was further developed by L. J. van der Pauw, and was applied on an 
arbitrarily shaped flat sample with four points on the circumference of the shape.  According to 
van der Pauw’s theorem, the resistivity ρ is given by: 
 
 1.1331 ∆ ∆ ,                                                 (2.4) 
 
where t is the thickness of the film, I is the applied current, ∆  the voltage drop across the 
sample in various configurations, and f1 and f2 are the geometrical factors (that are unity for 
perfect squares). 
Similarly, the mobility µ is related to the magnetic field B through the expression of: 
 
 µ 2.5 10 ∆ ∆                                               (2.5) 
 
and the bulk carrier concentration as a function of mobility µ and resistivity  is given by: 
 
 n or 
µ
                                                            (2.6) 
 
In this dissertation, the Hall effect is measured by an Accent HL5500 system at room 
temperature.  
 
2.2.6 Electrochemical Capacitance-Voltage Profiling  
The capacitance-voltage (C-V) technique is very useful to characterize semiconductor 
structure that exists in the form of a capacitor.  This technique exploits the fact that the width of 
the reverse-biased space-charge region or depletion region of the semiconductor junction devices 
such as p-n diodes and Shottky barrier devices depends on the applied voltage.  The underlying 
principle of the electrochemical capacitance-voltage (ECV) is the same with the typical C-V 
23 
technique except that the piece of semiconductor material is immersed in an electrolyte.  In ECV, 
the function of the electrolyte is to form the Shottky contact to the semiconductor surface as well 
as to selectively etch the semiconductor material in a defined opening when applying current.  




,                                                        (2.7) 
 
and the etched depth Wr is given by Faraday’s law of electrolysis as follows:   
 
 .                                                        (2.8) 
 
In Equation 2.7 and 2.8, q is the electron charge,  is permittivity of free space,  is relative 
permittivity of semiconductor, A is the area of the opening, M is the molecular weight, z is the 
valence number of the semiconductor,  is the mass density, and I is the etching current.  
Alternative repetition of C-V measurements and etchings of contact area gives the profile of free 
carrier concentrations up to any depth.  A drawback of ECV is its destructive nature. 
In this study the ECV profiling is performed in an Accent PN4300 semiconductor profiler.  
This system uses a mixture of 0.2 M EDTA solution (ethylenediaminetetraacetic acid) and 10% 
ethylene diamine as the electrolyte.  
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CHAPTER 3 
Growth and Performance of LETs and TLs with Zn-Doped Base 
 
3.1 Growth and Doping of InAlGaAs/InP Materials 
In(AlxGa1-x)As/InP is the basic heterojunction that makes up of the complicated HBT and 
LET structures.  The growth condition and doping behaviors of both InP and InAlGaAs alloys 
have been investigated.  The materials are grown by MOCVD in a Thomas Swan 7×2" close-
coupled showerhead (CCS) reactor system.  EpipureTM trimethylindium (TMIn), 
trimethylgallium (TMGa), trimethylaluminum (TMAl), and triethylgallium (TEGa) are used as 
column III precursors [55] and high-purity arsine (AsH3) and phosphine (PH3) are used as 
column V precursors.  The dopant precursors include disilane (Si2H6) for n-type Si doping and 
diethylzinc (DEZn) for p-type Zn doping.  The substrate is (001) InP with different small-angle 
misorientations from 0.02o to 0.25o towards (011).  Epitaxial growth is carried out between 
580 °C and 700 °C at a reactor chamber pressure of 100 Torr.  
Figure 3.1 shows the surface morphology of undoped InGaAs and InP grown at 700 °C on 
InP substrates with different off-cut angles with respect to (001) plane.  The thickness is 2 µm for 
InGaAs and 4 µm for InP.  As evident from (a), (b), and (c), the InGaAs growth undergoes step-
flow mode regardless of the substrate misorientation.  Consequently, the actual off-cut angles 
can be estimated from the AFM images by measuring the average terrace width.  However, the 
InP morphology has different features depending on the substrate misorientation.  At a low off-
cut angle of 0.02o in (d), the surface is very rough characterized by high-density of hillocks; and 
at a relatively large off-cut angle of 0.25o in (f), step-bunched surface is observed.  Only at an 
off-cut angle of 0.06o does the InP growth develop a step-flow mode as indicated in (e).  Since 
25 
hillocks appear when the surface step density is too low while step-bunching occurs when the 
step density is too high, there should be an optimal off-cut angle for establishing a stable step-
flow growth mode.  In the case of InP, the optimal angle is found to be between 0.05o and 0.1o.  
Although hillocks or step-bunching can be mitigated to some degree by changing the growth 
conditions such as growth rate and temperature [56,57], the most convenient and effective 
approach to it apparently is to use the substrates with optimized misorientation.  Similar trend 
has been found in evaluating the optical quality of InGaAs/InAlAs QWs on InP substrates [58]. 
 
 
Figure 3.1: Surface morphology of InGaAs (first row) and InP (second row) on InP 
substrates with different off-cut angles.  (d) is Nomarski micrograph and others are AFM 
images.  For the AFM, the height scale bar for (f) is 20 nm and others are 5 nm. 
 
Using the InP substrates with optimized off-cut angle, we are able to obtain In(AlxGa1-x)As 
and InP layers with excellent structural and optical quality at the growth temperature of 650 oC.  
Figure 3.2 shows the AFM images for Zn-doped InGaAs (InGaAs:Zn), In(Al0.4Ga0.6)As:Zn, 
undoped InAlAs, and InP:Si layers in ~400 nm.  Clear steps are observed for either doped or 
undoped materials, indicating superior surface morphology.  Figure 3.3 shows the PL spectra for 
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the undoped InGaAs, In(Al0.25Ga0.75)As, In(Al0.4Ga0.6)As, and In(Al0.6Ga0.4)As alloys.  The near 
band edge (NBE) emissions at 1643, 1340, 1210, and 1069 nm are very close to the theoretical 
values of 1646, 1340, 1215, and 1048 nm for xAl =0, 0.25, 0.4, and 0.6, respectively, indicating 
the bandgap tunability.  The low energy shoulder at high xAl is attributed to the Al-related defect 
emission such as donor-acceptor pairs and becomes dominant with increasing xAl. 
 
 
Figure 3.2: 5×5 µm2 AFM images for (a) InGaAs:Zn, (b) In(Al0.4Ga0.6)As:Zn, (c) undoped InAlAs, 
and (d) InP:Si. 
 
 
Figure 3.3: PL spectra for (a) InGaAs, (b) In(Al0.25Ga0.75)As, (c) In(Al0.4Ga0.6)As, and (d) 
In(Al0.6Ga0.4)As.  
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The lattice matching and strain states of InAlGaAs layers are analyzed by XRD.  Figure 3.4 
(a) shows the XRD ω-2θ scans for InGaAs, InAlAs, and In(Al0.4Ga0.6)As layers.  Nearly lattice-
matched condition and clear interference fringes are visible.  RSM measurement around (105) 
reflection were performed to examine the strain status of InGaAs and InAlAs on InP, with the 
results displayed in Figure 3.4 (b).  It is clear that the InAlAs and InGaAs (105) RLPs are on the 
perpendicular lines that pass through InP RLPs, suggesting both InAlAs and InGaAs layers are 
fully strained on the InP substrates.  In particular, InAlAs is compressive strained while InGaAs 
is tensile strained in these samples.  The strained layer preserves high structural quality without 






Figure 3.4: (a) XRD ω-2θ scans for InGaAs, InAlAs, and In(Al0.4Ga0.6)As layers;  (b) RSM 
measurements around (105) reflection for InAlAs/InP (upper panel) and InGaAs/InP (lower 
panel). 
 
For a p-n junction-based device, successful doping for n- and p-type conductivity is critical 
for device operation.  Si is a commonly-used high-efficient n-type dopant in most of the III-V 
semiconductors.  Figure 3.5 (a) demonstrates the free electron concentration in In(Al0.25Ga0.75)As 
layers as a function of disilane flow at different temperature.  The carrier concentration was 
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measured by Hall effect at room temperature.  As indicated in this graph, the free electron 
concentration is strongly dependent on the growth temperature.  A higher temperature allows for 
a higher doping level, which is attributed to the improved cracking efficiency of disilane.  For Si 
doping in InP, a doping level as high as 2×1019 cm-3 is attainable.  On the other hand, the p-type 
doping seems to more tricky.  Zn was initially employed as the p-type dopant since Zn is 
commonly used in InAlGaAs and InGaAsP materials due to its high activation efficiency and 
wide linear range of hole level attainable.  Figure 3.5 (b) shows the free hole concentration in 
In(Al0.25Ga0.75)As layers as a function of DEZn flow at 650 and 600 oC.  The hole concentration 
initially increases with DEZn flow and then saturates at a certain point.  A lower temperature 
leads to higher doping level, as opposed to that in Si doping.  It is critical to keep the Zn-doping 
away from the saturation point to suppress Zn diffusion, which is the major issue of Zn-doping.  
The details of Zn diffusion will be covered later in this chapter.  In case of InP, the highest hole 
level that can be obtained is ~ 2×1018 cm-3 limited by the solid solubility of Zn in InP. 
 
 (a)                 (b) 
Figure 3.5: (a) Dependence of electron concentration in In(Al0.25Ga0.75)As layers on disilane 
flow at 650, 680, and 720 oC; (b) Dependence of hole concentration in In(Al0.25Ga0.75)As layers 
on DEZn flow at 650 and 600 oC. 
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3.2 Performances Zn-doped HBTs and LETs 
InP/InAlGaAs HBT and LET were grown after the growth rate, composition and doping 
calibration of each layer.  A typical NpN LET structure (here, capital letter N denotes wider 
bandgap n-type materials) consists of a Si-doped InP (InP:Si) subcollector (150 nm, n=1×1019 
cm-3), an undoped In0.52Al0.48As (InAlAs:ud) collector (450 nm), an undoped In0.53(AlxGa1-
x)0.47As (In(AlxGa1-x)As:ud) grading layer (60 nm) with xAl from 1 to 0.25, a base/active region 
(100 nm), a p-type In0.53(Al0.25Ga0.75)0.47As base contact layer (50 nm, p=8×1018 cm-3), an lightly 
doped InP:Si emitter spacer (75 nm, n=2×1017 cm-3), an InP:Si emitter (150 nm, n=5×1018 cm-3), 
and an InP:Si+ emitter contact cap (50 nm, n=1×1019 cm-3).  The base/active region consists of 
undoped compressively-strained In0.58Ga0.42As QWs embedded in the p-type (p=2×1018 cm-3) 
In0.53(Al0.25Ga0.75)0.47As confining layers doped with Zn. 
 
 
Figure 3.6: Schematic epitaxial and device structure of an InP/InAlGaAs LET with a 
single InGaAs quantum well embedded in the base/active region. 
 
The devices were fabricated using standard optical lithography and wet chemical etching to 
form an emitter and base mesa structure.  The first step employs a H3PO4 and HCl mixture (3:1) 
as a selective etchant between the emitter and base layers to create the emitter mesa, and then a 
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second selective etching process was applied using a diluted H2SO4 and H2O2 mixture 
(H2SO4:H2O2:H2O=1:8:80) to form a base/collector mesa.  E-beam evaporation was used to 
deposit a AuGe/Ni/Au metal stack for the emitter and collector ohmic contacts while Au/Zn/Au 
was used for the base ohmic contacts.  Figure 3.6 shows a schematic epitaxial and device 
structure of an InP/InAlGaAs LET with an InGaAs single QW (SQW) embedded in the 
base/active region.  
 For electrical measurements, current and bias voltages (common emitter operation) are 
provided using a HP-4142 DC power source.  Electroluminescence (EL) spectra of the LET are 
obtained by measuring the light output of the device through the substrate of the sample with a 
Horiba-Jobin-Yvon Triax 320 spectrometer, while the optical output power of the devices is 
measured using a UDT Ge photodetectors and S370 optometer. 
 
 
Figure 3.7: Calculated band diagrams for (a) HBT and (b) LET. 
 
In order to compare the DC performances, a standard HBT structure was also grown as the 
baseline.  The HBT epitaxial structure is identical to the LET structure except for the insertion of 
the SQW in the base region.  The LET structure has a 12 nm InGaAs QW in the middle of the 
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base/active region, while the HBT structure contains a single p-In(Al0.25Ga0.75)As:Zn base layer.  
The total thickness of the base (or base/active) layer in both structures is 100 nm.  The calculated 
band diagrams for the both devices are displayed in Figure 3.7.  
The LET and HBT were grown after calibration of each layer.  The samples were mirror-
like after growth.  AFM, XRD, PL and ECV characterization for the LET wafer are summarized 
in Figure 3.8 (a), (b), (c) and (d), respectively.  Atomic steps in AFM and clear fringes in XRD 
were observed, indicating good surface and interface quality.  Strong emission at 1644 nm was 
obtained in PL spectrum, corresponding to the radiative recombination process in the QW.  ECV 




(c)  (d) 
Figure 3.8:  (a ) 5×5  µm2 AFM image, (b) XRD pattern, (c) PL spectrum, and (d) ECV profile for 
the LET.  
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Transmission line method (TLM) was employed to evaluate the contact resistance (Rc) and 
sheet resistance (Rs) of the devices.  In TLM, a serial of identical metal pads are deposited in a 
row on the semiconductor surface with different spacing.  By plotting the resistance between two 
pads against the distance of their spacing, a line is drawn and Rc and Rs can be estimated from its 
intercept and slope, respectively.  Table 3.1 is the calculated results for the LET wafer from the 
TLM measurement.  The base contact resistance is about 573 Ω·µm2, which is similar to those in 
high-performance HBTs.  The emitter and collector resistance is very low. 
 
Table 3.1: Contact resistance and sheet resistance for the emitter, base and collector. 
 
 
The emitter area is 120×120 µm2 for both devices.  Figure 3.9 (a) shows the common-
emitter output characteristics of the InAlGaAs/InP HBT and LET with the collector-to-emitter 
voltage (VCE) swept from 0 to 8 V, and the base current (IB) varied in increments from 0 to 0.1 
mA in 10 µA steps.  The DC current gain (β=∆IC/∆IB) is ~220 for the HBT and ~45 for the LET.  
Figure 3.9 (b) is a plot of IC and IB against VBE with VBC=0 V, known as the Gummel plot, for 
both devices.  The base current ideal factor (n) is 1.27 and 1.32 for the LET and HBT, 
respectively, indicating that the base recombination current is the dominant base current 
component [6].  The collector current ideal factor for both devices is close to unity, suggesting a 
diffusion-limited current.  Note that the collector currents are almost the same for both devices, 
whereas the base current in the LET is much larger than in the HBT for a same biased voltage.  
When electrons are injected from the emitter and swept across the base, a fraction of them 
recombine radiatively in the QW and produce a recombination current supplied by the base 
current.  This current is negligible compared to collector current but much larger than other base 
 Rc (Ω·µm2) Rs (Ω/□) 
Emitter 66 55 
Base 573 1063 
Collector 47 23 
33 
current components.  As a result, the LET owns a similar collector current and a reduced 






Figure 3.9: (a) The common-emitter output characteristics of the InP/InAlGaAs HBT (solid 
lines) and LET (dashed lines); (b) Gummel plot for HBT (solid lines) and LET (dashed lines). 
 
Figure 3.10 (a) shows the light emission spectra taken from the LET at different base 
currents and different collector-to-emitter voltages.  The emission wavelength of the LET is 
centered near 1650 nm, which matches well with the PL spectrum.  There is no wavelength shift 
with base current injection level up to 4 mA.  As indicated in Figure 3.10 (b), the light output 
increases almost linearly with IB and is independent of VCE, which is consistent with the optical 
output characteristics of GaAs-based LETs [2,16]. 
 
(a) (b) 
Figure 3.10: (a) EL spectra for the LET measured at different IB and different VCE; (b) Light 
intensity as a function of IB. 
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To get an insight into the effects of the design of the active region on the current gain and 
the optical output power of the device, three LET structures with different number of QWs - a 
SQW, double QWs (DQW), and three-period multiple QWs (MQW) - were grown and 
fabricated.  All the structures are similar to that shown in Figure 3.6 except for the number of 
QWs in base/active region.  The QW thickness varies in going from 20 nm for SQW, 10 nm for 
DQW to 8 nm for MQW.  The total base thickness is 200 nm in the MQW LET.  Shown in 
Figure 3.11 are the EL spectra for the three devices measured with IB=4 mA and VCE=4 V.  
Stronger light output is observed from the LETs with MQWs in the base/active region, indicating 
that additional QWs can capture more electrons and effectively increase the radiative 
recombination in the LET.  A blue shift in the emission wavelength with increasing number of 
QWs is due to the reduced thickness of QW.  Improved collection of minority carriers in the 
QWs also reduces the current gain of the transistor as the QW number in the base/active region 
increases.  Design of the base/active region of the LET requires a trade-off between the current 
gain of the transistor and the resulting light output. 
 
 




3.3 Design and Performance of a LD 
Before getting to the TLs, the conventional LDs have been studied to examine the design 
criteria of a laser structure and verify the optical quality of the active region.  Semiconductor 
LDs differ from LEDs structurally in that LDs must have waveguides and cladding layers to 
confine optical modes.  When photons in the confined mode travel in the waveguide layer, 
optical gain is produced in the active media by generating “stimulated” photons with the same 
frequency, polarization and direction.  By providing the feedback cavity, photons will be 
reflected several times from each facet before they are emitted.  Apart from the light 
amplification by stimulated emission, photons are also lost due to absorption and incomplete 
reflection from the facets.  When the amplification or gain eventually surpasses the total loss, the 





Figure 3.12: (a) Epitaxial structure of the p-i-n MQW LD; (b) Optical confinement factor of the 
MQW as a function of waveguide thickness; arrow indicates the thickness selected. 
 
A p-i-n InP/InAlGaAs LD structure was designed, grown, and fabricated.  Figure 3.12 (a) 
shows the epitaxial structure of the LD.  The structure consists of three-pair undoped 
In0.58Ga0.42As/In(Al0.4Ga0.6)As (6/15 nm) compressive-strained MQW active region, sandwiched 
by In(AlxGa1-x)As grading waveguide layers with xAl from 0.4 to 0.6 and thick InP cladding 
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layers.  The thickness of the waveguide layers was optimized by calculating the transverse (1D) 
optical confinement factor (Г) in the MQWs [59], with the result displayed in Figure 3.12 (b).  
With the increase of waveguide thickness, Г increases and then reaches the maximum value of 
3.5% at the thickness of 150 nm, which was adopted in the actual device as indicated by arrow.  
The band diagram of the LD is illustrated in Figure 3.13 (a) [60].  The grading layers eliminate 
any potential barriers and facilitate the injection of holes and electrons and the 30 nm InAlAs 
between the waveguide and p-cladding layer serves as a good electron blocking layer (EBL) to 
suppress electron overflow due to its high conduction band offset.  Figure 3.13 (b) shows the 
calculated near field optical intensity distribution in the transverse direction.  A single 
fundamental mode is evident.  
 
(a) (b) 
Figure 3.13: (a) Calculated band diagram of the p-i-n LD; (b) Near field optical intensity distribution. 
 
The material growth was done after calibration of the composition, thickness, and doping 
level of each layer.  The wafer was specular after growth.  The PL and XRD results of the 
epitaxial wafer are summarized in Figure 3.14 (a) and (b), respectively.  Strong emission at 1536 
nm was observed and XRD result matches with designed structure in simulation, indicating good 






Figure 3.14: (a) PL spectrum and (b) XRD ω-2θ scan for the p-i-n LD. 
 
The wafer was processed into gain-guided lasers.  First, a 9-µm-wide p-metal stack 
consisting of Au/Zn/Au was deposited on the top p-side of the wafer.  Then the wafer was lapped 
to a thickness of ~100 µm from the substrate side and AuGe/Ni/Au was deposited to form the n-
contact.  After annealing of the contacts, the wafer was cleaved normal to the p-metal stripes to 
form Fabry-Pérot (FP) facets of 400 µm long. 
The 9×400 µm2 laser demonstrates CW operation at room temperature.  From the output-
current (L-I) curve shown in Figure 3.15 (a), a change from spontaneous emission to stimulated 
emission at threshold current (Ith) of 65 mA is evident at 23 oC, corresponding to a threshold 
current density (Jth) of 1.8 kA/cm2.  At liquid nitrogen (LN) temperature of -180 oC, Jth is 
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reduced to 69 A/cm2 due to the suppression of nonradiative recombination.  From Figure 3.15 (b) 
the emission wavelength at room temperature is 1545 nm, very close to 1536 nm in PL 
measurement.  A multi-longitude mode is observed at high current injection levels.  These results 





Figure 3.15: (a) L-I curves at 23 oC and -180 oC; (b) Spectra taken at different injection level at 23 
oC after lasing.  
 
3.4 Demonstration of a Zn-doped TL 
As compared to LETs, TLs are fundamentally more important in providing high-speed, 
high-power, collimated, and monochromatic light sources and are more technically challenging 
as well.  A TL was designed based on the MQW LET and the MQW LD structures.  In the 
structure, the emitter and collector serve as the cladding layers and the base as the waveguide 
and active region.  First, the total emitter thickness is increased to 1430 nm to provide optical 
confinement, which is similar to the cladding layer thickness used in the LD.  Then an active 
region with three-pair In0.58Ga0.42As/In(Al0.25Ga0.75)As MQW separated by In(Al0.25Ga0.75)As:Zn 
barriers is employed.  The collector is the same grading InAlGaAs and InAlAs as in LETs.  The 
full epitaxial structure is shown in Figure 3.16. 
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Figure 3.16: Epitaxial structure of the NpN MQW TL. 
 
The waveguide/base thickness was optimized by calculating Г for the MQW.  Shown in 
Figure 3.17 (a) is the dependence of Г on the waveguide thickness (layer 5 and 17 in Figure 
3.16).  A maximum value of 5.5% can be obtained at the thickness of 70 nm; however, this is too 
large for a practical HBT.  Instead, a thickness of ~40 nm was employed as indicated by arrow 
and the total base thickness was kept as 200 nm, corresponding to a Г of 5.36%.  Figure 3.17 (b) 
displays the calculated band diagram of the MQW NpN TL. 
  
(a) (b) 
Figure 3.17: (a) Г of the MQW as a function of waveguide thickness; arrow indicates the 
thickness selected; (b) Calculated band diagram of the NpN TL.  
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Device was fabricated utilizing six masks and three wet etching steps.  After forming the 
emitter and base mesa and depositing the contact metals, the device was isolated by etching 
down into the SI substrate to a depth of 0.75 µm.  After that the sample was lapped to a thickness 
of ~ 125 µm.  Then it was cleaved normal to the emitter stripes to form FP facets, and the 
substrate side was alloyed onto Cu heat sinks.  The heat sunk wafer was then mounted onto a Cu 
block for testing.  To test at low temperature, the Cu block was kept partially submerged in 
liquid nitrogen where a temperature sensor placed on the surface of the block.  The device has a 
ridge waveguide structure and the emitter size is 8×450 µm2. 
 
 
Figure 3.18: I-V curves of the TL operated at -185 oC.  The dotted line indicates the VCE 
bias at which VCB =2 V.  The inset shows the family curves at 23 oC (dashed lines) and -
185 oC (solid lines). 
 
The common-emitter output characteristics of the TL measured at LN temperature are 
shown in Figure 3.18.  IB is increased in 5 mA intervals from 0 to 50 mA with VCE swept from 0 
to 5 V.  An important feature to note is that the device is not turned on until the BC junction is 
reverse biased by about 2 V as indicated by the dashed line.  Once the transistor is biased above 
the knee voltage, the collector current reaches its maximum value and the current gain becomes 
β=0.14 and remains nearly constant with bias current.  The inset shows a comparison of these 
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results with the same device that has β=5.5 when operated at room temperature.  When the 
ambient temperature is lowered, significant compression of the I-V curves is observed due to the 
enhanced radiative recombination. 
The light intensity-base current (L-IB) characteristics of the device were measured with a 
UDT Ge photodetector aligned to a single output facet of the device.  Figure 3.19 (a) shows the 
L-IB curves at -185 °C and 23 oC with CW operation of the device.  The device behaves like an 
LET and fails to lase at room temperature.  However, light emission is significantly enhanced at -
185 °C and a “kink” in the L-IB curve is observed.  These data clearly show the change from 
spontaneous to stimulated emission and give the Ith as 12 mA and Jth as 330 A/cm2.  This is the 
first demonstration of a TL working around 1.55 µm [61].  For VCE=4 V, the output intensity 
reduces slightly compared to VCE=3 V because of device heating.   
 
(a) (b) 
Figure 3.19: (a) L-IB at 23 oC and -185 oC; (b) EL spectra taken at IB of 10 mA and 40 mA at -
185 oC. 
 
To detect the output spectrum of the TL, the light emission from the front facet is coupled 
into a multimode fiber probe with a core diameter of 25 µm, which captures only a small fraction 
of the laser output.  The other end of the fiber is fed into an optical spectrum analyzer for 
42 
measurement.  Figure 3.19 (b) shows the output spectra at an injection level of 10 mA and 40 
mA with VCE=4 V.  Direct manifestation of laser action at 1.54 µm is observed at 40 mA.  Noisy 
feature in the spectra comes from the poor coupling efficiency between the fiber and TL.   
Despite the poor performances of the TL, these data clearly establish the feasibility of the 
CW laser operation of InP/InAlGaAs TLs.  There is still much room for improvement because of 
the relatively poor material quality and simple transistor geometry.  As far as the material is 
concerned, the high turn-on voltage and low-temperature operation could be attributed to Zn 
diffusion in the device, which will be elaborated in the next section.  
 
3.5 Zn Diffusion and Its Effect on Device Performances 
Zn is well documented to diffuse easily in the semiconductor matrix and it is difficult to 
contain them in the layer that is intended to be Zn-doped only during the epitaxial growth.  In the 
case of two-terminal p-n junction devices such as LEDs and LDs, the doping profile of Zn can be 
engineered to mitigate the problem of Zn diffusion [62]; however, Zn diffusion cannot be easily 
engineered in three-terminal NpN LET and HBT structures [44].  To study the Zn distribution 
profile, SIMS was performed on one of the SQW LETs.  The depth and concentration profile of 
Zn and Si with P, As, and Al marker in the InP/InAlGaAs/InAlAs LET is displayed in Figure 
3.20.  It is evident that during the 250 nm emitter growth, Zn diffuses into the emitter region, 
pushing the Zn profile towards the growth direction by about 50 nm, as well as into the undoped 
collector region about 60 nm.  It also inevitably diffuses into the QW region, smearing the QW 
profile.  Note that the doping level in the base region is around 3×1018 cm-3.  In order to achieve 
population inversion and thus realize laser operation of the device, this doping level should be at 
least one order of magnitude larger [16], which would make the diffusion even more severe.  
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Figure 3.20: SIMS profile of a SQW LET with Zn-doped base. 
 
The diffusion of Zn in semiconductors has been widely studied.  It has been generally 
accepted that Zn diffusion occurs via an interstitial-substitutional mechanism involving intrinsic 
point defects.  An interstitial Zn atom diffuses quickly until it is trapped by a group III vacancy 
and thus incorporated as a substitutional Zn atom, which is much less mobile.  The high 
diffusivity of Zn interstitials has been confirmed by the observation of double diffusion front in 
InP [63], and they were considered to be the major diffusion source [64].  If the creation of Zn 
interstitials can be suppressed, an abrupt doping profile with minimized Zn diffusion is expected.  
One consideration for the generation of Zn interstitials is from the kick-out mechanism.  
During the growth of n+-subcollector layer for an HBT structure, the Fermi level at the growing 
surface is pinned close to midgap resulting in band bending near the growing front, which leads 
to excess nonequilibrium group III interstitials during the subsequent growth [65].  These 
interstitials flow into the base region, kick out the substitutional Zn atoms and thereby form the 
Zn interstitials.  Another origin of Zn interstitials can reside in doping of the Zn-doped layer 
itself.  When performing in-situ Zn doping, Zn atoms tend to be incorporated into the 
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substitutional sites when the doping level is low; while up to a certain point, they start to occupy 
interstitial sites as well [62], where they compensate the active hole level since the interstitial Zn 
is assumed to behave like a donor.  A calculation based on a point-defect equilibrium model in 
InP shows the increasing of Zn interstitial level with the dopant partial pressure during the 
growth, which eventually goes higher than the substitutional Zn level [66].  On the other hand, 
besides being trapped by a vacancy, a diffusive Zn interstitial could in turn replace with a 
substitutional group III atom [67] and thereby create a group III interstitial, which makes the 
situation even more complicated. 
To identify the Zn diffusion mechanisms, we have studied the Zn distribution profiles in 
the LETs and HBTs with different growth conditions and doping levels and proposed the growth 
scheme to control the Zn diffusion in HBT-like structures. 
It is evident that in the LET in Figure 3.20 Zn from the base region diffuses into both the 
emitter and the adjacent graded collector.  However, Zn diffusion stops at the interface of InP:Si 
emitter layer (not at the interface of InP:Si- emitter spacer layer), and Zn pile-up is formed at the 
InP:Si-/InP:Si interface, which was also observed by other group [68].  The pile-up phenomenon 
is attributed to the presence of a strong electric filed within the InP:Si/InP:Si-/InAlGaAs:Zn 
junction, which retards the motion of the positively charge Zn interstitials just like a p-n junction 
retards majority carriers’ motion to other sides with opposite polarity [69,70]. 
Now we can divide a combined phenomenon of Zn diffusion in the HBT-like structure with 
three mechanisms that are associated with the growth and doping of the (1) subcollector, (2) base, 
and (3) emitter (or emitter spacer).  The first Zn diffusion mechanism is related to the growth 
treatment and doping level of the InP:Si+ subcollector.  As discussed above, the generation of 
group III interstitials will invoke Zn diffusion by the kick-out mechanism.  A growth interruption 
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(GI) after subcollector growth was introduced for the out-diffusion of the excess interstitials and 
was found to be effective in suppressing the abnormal Zn diffusion [68,71,72].  Also, a relatively 
low collector doping level (mid-1018 cm-3) was proved to be favorable in suppressing the 
generation of excess group III interstitials [68].  Here we designate these two conditions as a C+ 
condition, which represents the favorable condition for the suppression of Zn diffusion induced 
by the collector and subcollector growth.  On the contrary, a heavily-doped (≥1×1019 cm-3) 
subcollector without GI is referred to as a C− condition, which represents unfavorable condition 
for the suppression of Zn diffusion during the growth of collector and subcollector layers.  The 
second mechanism is relevant to the Zn doping in the InAlGaAs base region.  Following the 
point-defect equilibrium theory, we believe that at a hole concentration that is close to or beyond 
its saturation point, the InAlGaAs layer will contain a significant amount of Zn interstitials.  A 
doping level lower than its saturation point should have less Zn interstitials.  By the same token, 
therefore, a doping condition that has a hole concentration lower than its saturation point is 
referred to as a B+ condition (favorable condition for the suppression of Zn diffusion during the 
growth of a base layer) and as B− condition in the opposite case, that is, a hole concentration 
close to or beyond its saturation point.  The third is related to the adjacent InP:Si- emitter spacer.  
It is clear to see from Figure 3.20 that a lightly doped InP layer (n~2×1017 cm-3) is not able to 
block Zn diffusion.  Naturally, we expect some Zn “blocking effect” from a highly or 
intermediately doped InP emitter spacer, which is designated as an E+ condition.  In the same 
manner, an E− condition is used to describe a lightly-doped InP emitter spacer. 
Combination of these mechanisms complicates the analysis of Zn diffusion profiles in 
many cases.  In the following, we present the data showing how these mechanisms determine the 
direction of Zn diffusion.  The growth conditions corresponding to several cases with 
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combinations of each favorable or unfavorable condition employed in this study are summarized 
in Table 3.2.  
 
Table 3.2: Growth conditions of the structures for several combinations of cases favorable 
and unfavorable to suppress the diffusion of Zn. 




grown at 650 oC 
(ND~1×1019 cm-3) with 10 
min growth interruption 
(GI) 
 
Heavily-doped base contact 
grown at 650 oC with 




emitter spacer grown 




grown at 650 oC 
(ND~2×1019 cm-3) without 
GI 
 
Heavily-dope base and base 
contact grown at 600 oC 
with concentration lower 
than the saturation level 
Lightly-doped 
(ND~2×1017 cm-3) 
emitter spacer grown 




grown at 650 oC 
(ND~1.5×1019 cm-3) with 20 
min GI 
 
Heavily-doped base and 
base contact grown at 650 









subcollector grown at 650 
oC (ND~7×1018 cm-3) 
with 10 min GI 
 
Intermediate doped base 
grown at 600 oC with 




emitter spacer grown 
at 650 oC 
 
3.5.1 Zn diffusion in both directions 
In Figure 3.20, the growth conditions for the LET of interest are close to the case of 
C+/B−/E−.  The InP:Si+ subcollector was doped with donor concentration of ND~1×1019 cm-3 
(which is close to electron concentration, n) and was annealed for 10 min before the subsequent 
growth, which is a C+ condition.  The nominal hole concentrations for the base and base contact 
are estimated to be p~2×1018 cm-3 and p~6×1018 cm-3, respectively.  Based on the results in the 
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doping and Hall-effect measurement calibration test for a thick In(Al0.25Ga0.75)As:Zn layer grown 
under nominally same growth conditions, the molar flow rate of the precursor DEZn used for the 
base contact was above the saturation point, which leads to a B− condition.  The DEZn dopant 
precursor flow rate vs. hole concentration in the growth of In(Al0.25Ga0.75)As:Zn depending on 
growth temperature will be discussed later in detail.  The doping level for the adjacent InP:Si- 
emitter spacer is as low as ND~2×1017 cm-3, which is an E− condition.  For the combined 
C+/B−/E− case, there will be a large amount of Zn interstitials generated in the base contact 
layer.  As evidenced in Figure 3.20, Zn distribution shows a smeared concentration profile for 
base and base contact and also shows substantial presence of Zn in the unintentionally doped 
QW.  In addition to diffusion of Zn in base/active region, Zn atoms diffuse out in both directions 
into the emitter and collector.  In particular, Zn diffuses into the InP:Si- emitter spacer layer and 
accumulates at the InP:Si/InP:Si- interface where it possibly encounters a large electric field.  
 
 3.5.2 Zn diffusion forward into the emitter 
Another HBT structure was grown to examine the effect of group III interstitials from the 
subcollector on the Zn movement in the base.  In this structure, the InP:Si+ subcollector was 
doped with ND~2×1019 cm-3.  The InAlAs collector, InAlGaAs grading layer and base were 
grown right after the growth of subcollector without growth interruption; hence, it is a C− 
condition.  The hole concentrations for the base and base contact are estimated to be p~2.5×1018 
cm-3 and p~8×1018 cm-3, respectively, similar to those used in the device epitaxial structure 
shown in Figure 3.20.  However, the doping condition was carefully chosen so as to make DEZn 
flow as small as possible in order to minimize the formation of interstitial Zn during the growth, 
and hence, it can be considered as a B+ condition.  The adjacent emitter spacer is also lightly 
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doped, which is an E− condition.  The SIMS profile for the HBT grown under the combined 
C−/B+/E− condition is shown in Figure 3.21.  Zn diffuses only into the emitter region and piles 
up at the InP:Si/InP:Si- interface, which results in the shift of Zn profile toward the emitter – note 
that Zn profile drops “in” the InAlGaAs base layer on the collector side and it goes “beyond” the 
InAlGaAs base layer toward the emitter side.  The unidirectional diffusion in this case is 
considered to be related to the directionality of the flux of group III interstitials from the 
subcollector.  Since the interstitials flows towards the growth direction, there is a higher chance 
for a kicked-out Zn atom in the base to move forward rather than backward.  The significant 
amount of interstitials causes the Zn-contained region to completely move towards the emitter.  
 
 
Figure 3.21: SIMS profile of an HBT structure grown under a C−/B+/E− condition. 
 
3.5.3 Zn diffusion backward into the collector 
As implied in the results shown in Figure 3.20 and 3.21, a high doping level in the emitter 
has an effect in blocking the Zn diffusion to a certain degree.  The InP:Si− emitter spacer layer in 
the structure shown in Figure 3.6 is removed in a new HBT structure to examine the high doping 
effect of adjacent emitter.  In the structure, the InP emitter adjacent to the InAlGaAs base is 
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doped with ND~5×1018 cm-3, which is an E+ condition.  A 20 min GI was introduced after the 
InP:Si+ subcollector growth.  To create the diffusion source, the whole base layer was Zn-doped 
to p~8×1018 cm-3, and the DEZn flow was intentionally chosen to be above the saturation point.  
The growth conditions make the HBT a C+/B−/E+ case.  The SIMS result is displayed in Figure 
3.22.  Clearly Zn diffusion is blocked by the highly-doped emitter layer, and it only diffuses into 
the graded In(AlxGa1-x)As layer and InAlAs:ud collector layer.  Note that Zn diffusion tail 
extends farther in the InAlAs collector layer than shown in Figure 3.20.  The result confirms that 
the positively-charged Zn interstitials are subjected to junction blocking effect.  However, the 
highly-doped InP layer is not enough to stop the Zn diffusion when the Zn interstitial 
concentration is extremely high.  A test HBT was grown under a C−/B−/E+ condition, where Zn 
interstitials were generated by both mechanisms.  As revealed by SIMS (not shown here), Zn still 
penetrates into the emitter layer about 20 nm, and brings about a Zn pile-up in the concentration 
profile.  So the emitter blocking effect is only a preventive measure, with the first and second 
mechanisms associated with Zn interstitials being determinative. 
 
 
Figure 3.22: SIMS profile of an HBT structure grown under a C+/B-/E+ condition. 
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3.5.4 Suppression of Zn diffusion from the base 
 
 
Figure 3.23: SIMS profile of a 450 nm In(Al0.25Ga0.75)As layer doped with Zn at 650 oC 
with DEZn flow rate of 30 sccm. 
 
The Zn interstitials generated during base doping could be a major source of Zn diffusion.  
Figure 3.23 shows the SIMS profile of a calibration In(Al0.25Ga0.75)As layer doped with Zn at 
650 oC with DEZn flow rate of 30 sccm.  Zn back-diffusion into the undoped InP buffer and 
substrate is evident, suggesting the doping is saturated.  The doping conditions should be 
carefully selected to keep away from the saturation point.  A doping test in In(Al0.25Ga0.75)As 
layers was carried out on semi-insulating InP substrates at 600 oC and 650 oC.  All layers are 
~400 nm thick.  The result indicates a higher Zn doping efficiency at lower temperature, as 
shown in Figure 3.5 (b).  The hole concentration level saturates at a DEZn flow of 8 sccm at 600 
oC and 25 sccm at 650 oC.  In addition, the saturated (maximum) hole concentration of 
InAlGaAs:Zn grown at 600 oC is significantly higher (~1.4×1019 cm-3) than at 650 oC (~8×1018 
cm-3).  This could be due to the difference in the incorporation of Zn ad-atoms induced by 
different sticking coefficient of Zn depending on growth temperatures.  Since the maximum hole 
concentration is much higher at a lower temperature of 600 oC, in order to achieve a same hole 
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concentration, the DEZn flow used at 600 oC is more likely to stay away from its saturation point 
than the flow at 650 oC.  Therefore, it is believed that more Zn atoms tend to reside in the 
substitutional sites as an active acceptor dopant in the case of Zn doping of InAlGaAs at 600 oC 
whereas more Zn atoms tend to occupy the interstitial sites, which will be prone to diffusion, in 
the case of Zn doping of InAlGaAs at 650 oC.  In addition, lower growth temperature of 
InAlGaAs:Zn may be beneficial in suppressing Zn diffusion during the growth due to its reduced 
diffusivity at low temperatures. 
 
 
Figure 3.24: SIMS profile of an LET structure grown under a C+/B+/E+ condition. 
 
An LET with multi quantum wells (MQWs) was grown by considering all these effects.  
The InP:Si+ subcollector was doped with ND~7×1018 cm-3 at 650 oC and was annealed for 10 min 
before the subsequent growth of layers.  The growth temperature was then lowered to 600 oC to 
perform the base growth.  The nominal hole concentration levels for the base and base contact 
are p~2×1018 cm-3 and p~4×1018 cm-3, respectively, which ensure the DEZn flows used in the 
study are far away from the saturation point, as implied from Figure 3.5 (b).  The adjacent InP 
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emitter spacer was doped with ND~1×1018 cm-3.  The growth conditions and structure design 
make the LET a C+/B+/E+ case.  The corresponding SIMS profile is shown in Figure 3.24.  Zn 
atoms do not diffuse substantially into the emitter or into the collector and abrupt junctions are 
achieved in this LET structure.  In addition, the dip of Zn profile in the undoped 
InGaAs/InAlGaAs MQW region is also observed. 
To summarize this part, a model was developed to explain the Zn diffusion behaviors in 
InAlGaAs/InP HBT and LET structures.  Three mechanisms that are related to the growth 
conditions and doping levels of the subcollector, base, and emitter are identified.  Growth 
interruption after InP subcollector growth or a relatively low Si doping level during the growth 
of subcollector (C+), a low growth temperature for the Zn doping of the InAlGaAs base region 
(B+), and a relatively high Si-doping in the InP emitter layer (E+) are regarded as the favorable 
conditions (C+/B+/E+) for the suppression of Zn diffusion.  On the contrary, a high doping in 
subcollector without thermal annealing (C−), a DEZn flow used in the base doping that is close 
to or above the saturation point (B−), and a low Si-doping level in the emitter or emitter spacer 
(E−) are considered as the conditions (C−/B−/E−) to induce Zn diffusion.  Specifically, a 
C+/B−/E− condition results in Zn diffusion into both sides; a C−/B+E− condition results in Zn 
diffusion only into the emitter side; and a C+/B−/E+ condition results in Zn diffusion only into 
the collector side. 
 
3.5.5 Detrimental effects of Zn diffusion 
There are two main concerns regarding the high diffusivity of Zn in the LET and TL 
devices.  The first is that Zn may diffuse into the emitter region and block the minority carrier 
injection by creating a potential barrier in the conduction band, which leads to poor electrical 
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performance [ 73 ].  This problem can be alleviated to a certain degree by Zn diffusion 
engineering as reported in InP-based HBTs employing Zn dopant in the base [68,74].  Figure 
3.25 (a) shows the BE junction I-V curves for LETs with and without Zn diffusion revealed by 
SIMS measurement.  The turn-on voltages (defined as the voltage where the current reaches 
1×10-8 A) are 0.64 and 0.52 V for the Zn-diffused LET and the diffusion-suppressed LET, 
respectively, indicating the presence of a potential spike at the junction due to Zn diffusion.  This 
is more clear in Figure 3.25 (b), where the HBT with Zn diffusion definitely shows a higher turn-
on voltage than HBT without Zn diffusion from the measured family curves.  The displaced 





Figure 3.25: (a) BE junction I-V curves for the LETs with and without Zn diffusion. Inset is 
plotted in linear scale; (b) Family curves for HBTs with and without Zn diffusion.  
 
The second concern about Zn-diffusion is that Zn may diffuse into the undoped QWs of the 
base/active region in the LETs or TLs and degrade the optical quality by creating non-radiative 
recombination centers [75].  This problem may be more serious in the LET and TL structure 
where Zn-doped layers are located very closely on both sides of the undoped QWs and not to be 
engineered easily by the method used in the InP-based HBTs having Zn-doped layer.  To shed 
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light on this effect, we investigated the PL of the InGaAs/InAlGaAs:Zn SQW with different Zn 
doping level in the barrier layers, as shown in Figure 3.26.  The doping levels in the barriers are 
undoped, 2×1018, and 8×1018 cm-3 for (a), (b) and (c), respectively (as measured by Hall effect on 
similar samples), while the InGaAs SQW was undoped.  The PL efficiency deteriorates 
drastically as the doping level increases.  These results present direct evidence that the diffusion 
of Zn degrades the optical quality of the active layer, especially at high doping levels. 
 
Figure 3.26: PL spectra for the InGaAs/InAlGaAs SQW structure with (a) undoped 
barriers, (b) InAlGaAs:Zn barriers, p=2×1018 cm-3, (c) InAlGaAs:Zn barriers, p=8×1018 
cm-3, and (d) InAlGaAs:C barriers, p=5×1018 cm-3. 
 
To conclude here, although Zn can be contained only in the base region through proper 
engineering of growth conditions and doping, Zn will inevitably diffuse into active region and 
plague the QW due to the proximity of QW to the highly-doped layers, which certainly leads to 
compromised performances of LETs and TLs.  To eliminate the dopant diffusion issue and 




Growth and Performance of LETs and TLs with C-Doped Base 
 
4.1 Doping Behaviors and Material Properties in InAlGaAs:C Alloys 
C is known to have low thermal diffusivity and high solubility in GaAs, enabling sharp 
doping profile at high doping levels [76,77].  Growth of C-doped InGaAs was proved to be 
feasible and successful [78], and now it has been routinely adopted as the base dopant for high 
performance InP/InGaAs HBTs [7].  However, C doping for p-type conductivity in InGaAs and 
InAlGaAs materials with high In content is more challenging than one in GaAs and AlGaAs 
materials.  One underlying reason is that the weak In-C bond causes the doping to be amphoteric, 
which means C may replace anions as well as cations.  The atomic bonds of interest with 
strength going from weak to strong are in the following order: In-C < As-C < Ga-C < Al-C 
[79,80].  Note that In-C bond is even weaker than the As-C bond.  To make a p-type doping, C 
has to occupy the As site, which is easily performed in GaAs due to a strong Ga-C bond.  When 
C doping is performed in InGaAs, C tends to occupy In site to form an As-C bond instead of an 
In-C bond because of the bond strength difference.  In this case, it acts as a donor and 
compensates the overall hole level.  For low indium composition in InxGa1-xAs alloy, p-type 
doping was achieved including at x=0.53 [78].  For x>0.6, only n-type conductivity was obtained 
[80].  Another issue is the strong etching effect during growth due to the use of halides.  Carbon 
halides such as CCl4 and CBr4 are the normally-used C dopants in MOCVD [81], while halides 
and halogens have been widely adopted as the etching gasses for compound semiconductors in 
devices fabrication.  Indium halides, in particular, are highly volatile.  This leads to significant 
reduction in growth rate and large variation in alloy composition as compared to the growth 
56 
without doping [82-84].  In addition, it was observed that Al precursors react strongly with CBr4 
in the gas phase due to strong Al-C bonds [85].  The reaction rates of In, Ga, and Al in the gas 
phase and the removal rates of In, Ga, and Al from the surface are so different that the growth of 
the C-doped alloys especially quaternary InAlGaAs suffers from a poor within-wafer uniformity 
and run-to-run reproducibility.  
 
 
Figure 4.1: Hole concentration (upper) and mobility (lower) in In(Al0.4Ga0.6)As as a 
function of annealing temperature for different duration. 
 
Despite all these challenges, optimization of C doping in In(AlxGa1-x)As layers using CBr4 
was carried out on InP substrates.  A relatively low temperature (less than 600 oC) and low V/III 
ratio (~5) were used in order to permit the sticking of carbon atoms on the growing surface and 
to incorporate C onto As lattice sites.  To dissociate the C-H bonds that form during growth and 
to reactivate the C acceptors [78], post annealing is necessary and an annealing test was first 
performed to identify the optimal annealing condition.  Figure 4.1 displays the hole 
concentration (upper panel) and mobility (lower panel) in In(Al0.4Ga0.6)As as a function of 
annealing temperature for different duration in N2 ambient.  The 400-nm sample was grown at 
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570 oC with a V/III ratio of 5.  The electrical properties were obtained by room-temperature Hall 
measurement.  It is found that a short post-annealing leads to increased hole concentration and 
the highest value is obtained at 500 oC for 1 min.  This annealing condition has been adopted for 
all the C-doped samples thereafter.  The mobility is in the range of 38~50 cm2/V·s, which is 
smaller than those in Zn-doped InAlGaAs layers. 
 
 
Figure 4.2: Hole concentration (□) and resistivity (○) as a function of growth temperature.
 
The growth rate was generally reduced by half for the same TMIn flows, from 0.2 nm/s to 
0.1 nm/s, due to the etching effect of CBr4.  The surface of the InAlGaAs:C samples are specular 
and smooth under Nomarski optical microscope.  The dependence of hole concentration and 
resistivity on the growth temperature in In(Al0.4Ga0.6)As is displayed in Figure 4.2 for the same 
V/III ratio (~5) and same CBr4 flow rate (95 sccm).  It is evident that a lower growth temperature 
allows for a higher hole level.  Using the conditions at 570 oC, we are able to attain a free hole 
concentration as high as p~2.6×1019 cm-3 and a sheet resistance as low as 350 Ω/□ for a 200-nm-
thick In(Al0.4Ga0.6)As layer.  As indicated by AFM shown in Figure 4.3 (a), the root mean square 
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(RMS) roughness is 0.392 nm for 5×5 µm2 scan area, which is considered quite acceptable for 
devices in view of the relatively large thickness, the low growth temperature, and the high doing.  
At lower growth temperatures, surface morphology deteriorates rapidly. 
 
 
                     (a) 
 
                     (b) 
Figure 4.3: AFM images for (a) a C-doped InAlGaAs single layer and (b) a C-doped LET.. 
 
A SQW structure with C-doped barriers was grown for comparison to those with Zn-doped 
barriers.  The barrier doping level is 5×1018 cm-3 and the PL spectrum is shown in Figure 3.26 (d).  
The PL peak intensity of the SQW structure with C-doped QW barriers is much higher than 
those with Zn-doped QW barriers and the peak linewidth is narrower, indicating significantly 
improved PL efficiency due to low diffusivity of dopants. 
One of the drawbacks in C-doping is the degradation of material quality due to the use of 
low V/III ratio and low temperature as compared to the Zn-doped materials.  Figure 4.4 (a) 
shows the PL spectra for the C- and Zn-doped In(Al0.25Ga0.75)As bulk materials doped to 2×1018 
cm-3.  It is clear that the NBE PL intensity for the C-doped In(Al0.25Ga0.75)As is almost ten times 
weaker than for the Zn-doped one of the same doping concentration and thickness.  For the same 
doping concentration, the PL efficiency is a measure of the effective minority carrier lifetime, 
59 
which is generally non-radiative in nature at room temperature [86].  Thus, the effective carrier 
lifetime is much shorter in C-doped InAlGaAs materials.  This is directly confirmed by the time-
resolved PL measurement as indicated in Figure 4.4 (b) for these samples.  From the single 
exponential decay it is clear that the Zn-doped In(Al0.25Ga0.75)As has a longer minority electron 
lifetime, with a lifetime determined to be 206 ps in contrast to 110 ps in the C-doped material.  In 
the In(Al0.4Ga0.6)As:C layer doped to 8×1018 cm-3, the lifetime is as short as 88 ps.  This is 
possibly due to the low growth temperature and low V/III ratio required for C-doping, which 
introduces a substantial amount of defects in the layer.  Similar results have been observed in Zn- 
and C-doped InGaAs as well as GaAs layers grown by MOCVD [87-90].  The amphoteric nature 
of C-doping and post annealing of the C-doped materials for p-type activation may also account 
for the defect production and lifetime diminishing [91-93].  As the bulk recombination current 
dominates the base current, the current gain of a transistor can be written as β=τB/τt, where τB is 
the minority recombination lifetime and τt is the transit time [73].  A shorter minority carrier 
lifetime leads to a smaller electrical gain accordingly.   
 
 
(a)      (b) 
Figure 4.4: (a) PL spectra for the C-doped In(Al0.25Ga0.75)As and Zn-doped In(Al0.25Ga0.75)As; (b) 
TRPL for the C-doped and Zn-doped InAlGaAs layers.  
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4.2 Performance of C-doped LETs 
An LET structure with a C-doped base was grown after calibration of the C-doped layer.  
The structure is similar to that shown in Figure 3.6 except that the base contact layer was 
removed and a single doping level of 8×1018 cm-3 was employed in the base.  AFM image on the 
epitaxial wafer is shown in Figure 4.3 (b).  Smooth surface with step flows was observed in 
contrast to the InAlGaAs:C layer in Figure 4.3 (a), indicating a “healing effect” of InP growth on 
the morphology of the underlying layer.  SIMS measurement on this structure indicates that C 
does not diffuse into either the emitter or the QW active region, as evidenced in Figure 4.5.  The 
QW profile is clearly revealed by the traces of C and Al and the doping profile at the 
emitter/base interface is abrupt.   
 
 
Figure 4.5: SIMS profile of the C-doped LET. 
 
After fabrication of this wafer into LETs with an emitter area of 120×120 µm2, the EL 
spectra of the LET taken at different IB are displayed in Figure 4.6 (a).  VCE was fixed at 2 V 
during the measurement.  The emission wavelength of the LET is centered at ~1610 nm and 
slightly blue-shifts with IB (0.2 nm/mA) due to a band-filing effect.  The origin of the rising 
shoulder at 1490 nm is unknown yet, possibly from the excited states of the QW or defect level 
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of the C-doped base.  The L-IB curve with VCB=0 V was displayed in Figure 4.6 (b), showing 
significant improvement as compared to the LETs with Zn-doped bases.  The C-doped SQW 
LET exhibits approximately a twofold increase of the output power in comparison with that of 
the Zn-doped MQW LET for the same bias conditions.  The saturation of the output power is 





     (b) 
Figure 4.6: (a) EL output spectra taken at different IB; (b) EL peak output power as a function 
of IB for the C-doped and Zn-doped LETs. 
 
The BE junction I-V curve was also measured and compared to those for Zn-doped LETs, 
as shown in Figure 4.7.  The C-doped BE junction exhibits a similar turn-on characteristics as in 
the diffusion-suppressed Zn-doped BE junction and a lower leakage current.  Both the high light 
output of the LET and the low turn-on voltage of BE junction verify the low diffusivity of C.  
 
Figure 4.7: BE junction I-V curves for the C-doped LET and Zn-doped LETs with and 
without Zn diffusion. 
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 Figure 4.8 shows the transistor family curves for the C-doped SQW LET in (a) and the 
diffusion-suppressed Zn-doped SQW LET (as shown in Figure 3.9 (a)) in (b).  The C-doped LET 
has a low DC current gain of only 0.22 in sharp contrast to the current gain of 45 in the Zn-doped 
LET.  Figure 4.9 illustrates the Gummel plot of the C-doped LET under VCB of 0 V.  The ideality 
factor n of IB is 1.17 over a wide range of currents, indicating that the bulk recombination current 
dominates the base current even at low current levels.  Shown in the inset is β as a function of IC.  
β remains almost constant within the investigated current levels, in contrast to the gain increasing 
and subsequent flattening with IC in conventional HBTs [6].    
 
Figure 4.8: Family curves for (a) the C-doped LET and (b) the Zn-doped LET. 
 
 
Figure 4.9: Gummel plot of the C-doped LET. The inset shows current gain vs. collector current. 
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The low current gain in the C-doped LET suggests a large number of carriers recombined 
in the QW.  During the operation of an LET, when the electrons diffuse across the base, they are 
collected either at the QWs (as an optical collector) or at the BC junction (as an electrical 
collector) neglecting other current components.  Thus, the two collectors are competing against 
each other and an LET could swing from being more HBT-like to more LED-like, depending on 
which collector consumes more electrons.  To better understand the device physics, we introduce 
a couple of parameters other than  to describe the functionality of an LET.  The common-base 
current gain ( ), which accounts for the portion of electrons collected at the electrical collector, 
is expressed as: 
 
.                                                              (4.1)  
 
On the other hand, the injection efficiency ( ) or capture efficiency of the LET from the 
perspective an LED, which accounts for the portion of electrons collected at the optical collector, 
will be: 
 
.                                                            (4.2)  
 
The external quantum efficiency ( ) is related to  through the expression of: 
 
,                                                              (4.3)  
 
where  is the internal quantum efficiency and  is the extraction efficiency.  One can easily 
tell that in a normal HBT  is close to unity while in a normal LED  is close to unity.  By 
plugging β, α is calculated to be 98% in the Zn-doped LET meaning most of the carriers being 
collected by the BC junction while ηin is calculated to be 82% in the C-doped LET meaning most 
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of the carriers being collected at the QW.  Figure 4.10 is an illustrative representation of the 
carrier collection in the Zn-doped and C-doped LETs.  It is clear that the Zn-doped LET is more 
like an HBT and the C-doped LET is more like an LED. 
 
Figure 4.10: Carrier collection in (a) the Zn-doped LET and (b) the C-doped LET. 
 
Compared to normal LEDs, LETs are unique devices that are capable of separating ηin 
from ηi thanks to its three-terminal operation.  The EL output as a function of  for both LETs is 
plotted in Figure 4.11.  The light output from the C-doped LET is significantly higher than that 
from the Zn-doped LET for a given injection current due to a high  of 82% in the C-doped 
LET as compared to that of only 2% in Zn-doped LET.  In addition, as shown in Figure 4.6 (b), 
for the same IB the C-doped LET converts more photons as well, which suggests a higher  than 
that in the Zn-doped LET due to the low diffusivity of C.  Therefore, the high  and high  
enable the C-doped LET to function like an LED, while the high  and high  enable the Zn-
doped LET to function like an HBT.  The distinctive difference in the current gain will be 
analyzed using a charge control model.   
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Figure 4.11: Light output as a function of the emitter current for the Zn- and C-doped LETs. 
 
During the investigation of LETs, the collector consisting of grading InAlGaAs and InAlAs 
was replaced by an undoped InP layer to check its effect on the electrical performance.  A 20 nm 
InAlAs:Si layer is inserted between the undoped 300-nm InP collector and  the highly-doped InP 
subcollector as an etch stop.  Figure 4.12 shows the family curves for the LETs with an InAlAs 
collector or an InP collector.  The double heterostructure (DH) LET shows a better turn-on 
characteristics with low turn-on voltage and small on-resistance in contrast to the slow turn-on in 
LET with an InAlAs collector, indicating a possible potential barrier in the grading layer.  The 
DH structure also offers the advantage of easier growth and will be adopted in the TL designs.   
 
 
Figure 4.12: Family curves for the LETs with an InAlAs collector or an InP collector. 
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4.3 Charge Control Analysis in HBTs and LETs 
We have also compared the electrical performance of a C-doped HBT to the Zn-doped 
HBT.  The C-doped LET has a similar structure to the LET except for the insertion of the QW.  
The family curves for both devices are displayed in Figure 4.13.  The current gain in the C-doped 
HBT is 12 in contrast to 220 in the Zn-doped HBT due to the shorter minority carrier lifetime in 
the base, as indicated in Figure 4.4 (b). 
 
Figure 4.13: Family curves for (a) the C-doped LET and (b) the Zn-doped LET. 
 
The DC and AC characteristics of a transistor are often analyzed by charge control model, 
in which charge is stored in the junctions and base region of the device and increased or 
decreased when the bias conditions are changed.  In the DC analysis, assuming minority charge 
stored in the base region is Q, the collector current IC can be expressed as [6,73]: 
 
τ
,                                                          (4.4)  
 
where  is the diffusion constant and W is the base thickness.  Assuming the base 
recombination current is the dominant current component, the base current is expressed as:  
 
τ
.                                                                (4.5)  
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τ .                                                   (4.6)  
 
Plugging all the parameters, β for the Zn-doped and C-doped HBTs is calculated to be 206 
and 20, respectively, very close to the measured values.  The parameters used in the calculation 
are summarized in Table 4.1. 
 
Table 4.1: Parameters used in the calculation of current gains in HBTs. 
 
Figure 4.14 (a) shows the dependence of HBTs’ and LETs’ current gain on the IC derived 
from the Gummel plot.  Note the current gain from the Gummel plot is smaller than deduced 
from the family curves.  It is evident that the Zn-doped devices have a current gain about one 
order of magnitude larger than that in the corresponding C-doped devices.  In order to boost the 
current gain, HBTs with different base thickness have been grown and fabricated.  Figure 4.14 (b) 
is a plot of current gain against base thickness.  The C-doped HBTs show increased β with 





    (b) 
Figure 4.14: (a) β vs. IC in LETs and HBTs; (b) β vs. W in HBTs. 
Devices Doping (cm-3) W (nm) Dn (cm2/s) τB (ps) βcal. βmea. 
Zn-doped HBT 2×1018 100 50 206 206 220 
C-doped HBT 8×1018 132 20 88 20 12 
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Figure 4.15: Schematic representation of the carrier distribution in the base region of an LET.
 
The current gain in the Zn- and C-doped LETs is more distinctive, which can’t be simply 
attributed to the difference in the minority carrier lifetime.  To get an insight into this issue, a 
charge control analysis was performed for a generic expression of the current gain in an LET.  
Figure 4.15 depicts schematically the carrier distribution profile in the base region of an LET in 
forward active mode.  The hole level in the base is virtually fixed at the base doping level while 
electron density goes down at a linear gradient from BE junction to BC junction.  When 
electrons injected from the BE junction diffuse across the QW, a fraction of them is captured into 
the two-dimensional (2D) bound states in the QW via local capture process, which forms a 2D 
carrier density of .  The average unbounded (3D) carrier density around the QW is .   
is related to  through the expression of [94]: 
 
,                                              (4.7) 
 
where  is the QW capture lifetime,  is the recombination lifetime in the QW, and  is the 
carrier thermionic escape time.  As  is much larger than  [33,94], at steady state we have:  
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.                                                         (4.8) 
 
And the recombination current at the QW ( ) that accounts for the net current flowing into the 
QW is: 
 
· ,                                      (4.9) 
 
where  is the emitter size, q is the electron charge, and  is the QW width.  Assuming the 
unbounded carrier concentration varies linearly with distance in the base and the QW is placed 
right in the middle, the collector current  is calculated to be [6]: 
 
.                                                      (4.10) 
 
Since the recombination current dominates the base current , neglecting other base current 
components, the current gain  of the LET is obtained as: 
 
,                                                  (4.11) 
 
which is only dependent on the structural parameters.  In this expression, the physical meaning 
of parameter  is the quantum capture efficiency of the QW, which needs to be determined.   
can be estimated from the base doping level NB [6]: 
 
,                                                  (4.12) 
 
where  is the nonradiative recombination coefficient related to the local defects, which can be 
neglected in high-quality materials [95],  is the radiative recombination coefficient, and  is the 
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Auger recombination coefficient.  B and C are assumed to be 1×10-10 cm3/s and 5×10-29 cm6/s, 
respectively in InAlGaAs alloys [9595,96].    
 
 
Figure 4.16: τesc/τcap as a function of base doping level. 
 
By plugging all the parameters in Equation 4.11, it is found that  is a strong function of 
doping level NB, as indicated in Figure 4.16.  The value in the undoped case is also added at NB 
of zero for reference [94].  With the increase of NB,   increases so does the quantum capture 
efficiency of the QW.  The parameters used in the calculation are summarized in Table 4.2 for 
the Zn- and C-doped LETs. 
 
Table 4.2: Parameters used in the calculation of current gains in LETs. 
 
The correlation between the quantum capture efficiency ( ) and the doping level is 
considered to originate from the Coulomb field in the QW region, set up by the mutual attraction 
of electrons and holes.  When electrons diffuse across the QW, a stronger Coulomb field in the 
Devices NB (cm-3) W (nm) LZ (nm) Dn (cm2/s) τr (ps) β τesc/τcap 
Zn-doped LET 2×1018 100 12 50 2500 45 421 
C-doped LET 8×1018 100 12 20 250 0.22 3330 
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C-doped LET with heavier base doping enhances the relaxation of electrons and facilitates the 
local quantum capture process of unbound electrons to the bounded states in the QW, which 
leads to an increase of the bounded electron density as from Equation 4.8.  In addition, these 
bounded electrons are subjected to faster recombination in the C-doped device because of the 
higher base level and shorter carrier lifetime as from Equation 4.9 and 4.12.  The combined 
effects result in a significant enhanced base current and a small current gain in the C-doped LET, 
which renders it more like an LED. 
 
4.4 Design and Performance of C-doped TLs 
 
(a)      (b) 
Figure 4.17: (a) Schematic representation of band structure and refractive index profile of the 
TL epitaxial structure; (b) Calculated equilibrium band diagram. 
 
The C-doped LETs demonstrate significantly higher light output than the Zn-doped LETs, 
which implies a better candidate for TLs.  A C-doped TL was designed based on an N-InP/p-
In0.52(Al0.4Ga0.6)0.48As/N-InP DH-LET.  The schematic illustration of band diagram, refractive 
index profile, and calculated electronic band diagram of the TL are shown in Figure 4.17 (a) and 
(b), respectively.  In the structure, relatively thick emitter and collector layers serve as the 
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cladding layers and the base as the waveguide and active region.  An InP collector was adopted 
to form a symmetric DH structure due to an improved turn-on characteristics as compared to the 
InAlAs collector.  A 12 nm SQW was employed instead of MQWs to avoid the non-uniform 
carrier distribution between QWs in the base.  To design an optimal base thickness, a calculation 
on optical confinement factor Г was performed.  In Figure 4.18, Г in the SQW is plotted against 
base thickness.  The maximum optical confinement factor is 2.46% obtained at a base thickness 
of 325 nm.  However, this thickness is practically too large for a transistor operation.  Instead, a 
base thickness of 262 nm was used with a 125 nm waveguide on each side of the SQW, 
corresponding to a Г of 2.38% as indicated by the arrow in Figure 4.18.  The epitaxial structure 
of the TL consists of an InP:Si sub-collector (200 nm, n=1×1019 cm-3), an InAlAs:Si etch stop 
(20 nm, n=8×1018 cm-3), an undoped InP collector/cladding (300 nm), a delta doped InP:Si (5 nm, 
n=1×1018 cm-3), an undoped In0.52(Al0.4Ga0.6)0.48As spacer (5 nm), an In0.52(Al0.4Ga0.6)0.48As:C 
base/active region (262 nm, p=1×1019 cm-3) with a 12 nm compressive-strained InGaAs SQW 
embedded in the middle, a lightly-doped InP:Si emitter spacer (75nm, n=2×1017 cm-3), an InP:Si 
emitter/cladding (1500 nm, n=5×1018 cm-3), and an InP:Si+ contact (50 nm, n=1×1019 cm-3).   
 
 
Figure 4.18: Transverse optical confinement factor as a function of base thickness.  The arrow 
indicates the selected base thickness. 
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The wafer was fabricated in the same way as described in the Zn-doped TLs.  Figure 4.19 
(a) and (b) shows the side view and top view of the TL.  The device is a ridge structure with a 
4×400 µm2 emitter mesa and no facet coating. 
 
 
Figure 4.19: (a) Side view and (b) top view of the TL. 
 
Figure 4.20 shows the common-emitter I-V characteristics of the TL operating at room 
temperature (23 °C) and liquid nitrogen temperature (-190 °C).  IB is increased in 8 mA intervals 
from 0 to 96 mA with VCE swept from 0 to 4 V.  At 23 °C the TL turns on sharply at ~0.3 V and 
β remains almost constant at 0.07 once the transistor is biased above the knee voltage at 0.5 V.  
The low current gain of the TL is owing to the thick base layer.  At -190 °C, significant gain 
compression was observed and β decreases to 0.02, which is related to the enhanced radiative 
recombination at low temperatures.   
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Figure 4.20: Common-emitter I-V characteristics of the TL taken at 23 °C and -190 °C. 
 
The optical output as a function of base current (L-I) was also measured at 23 °C and -
190 °C in CW operation.  As shown in Figure 4.21, the light intensity saturates quickly at 23 °C, 
indicating a dominant spontaneous emission and device heating at this temperature.  When the 
device was cooled down to -190 °C, a change from spontaneous to stimulated emission at IB= 
Ith=35 mA was observed, as indicated by the arrow, corresponding to a Jth of 2.25 kA/cm2.  The 
stimulated emission spectra after lasing are similar to Figure 3.19 (b) with λ~1.55 µm.   
 
 
Figure 4.21: Optical output as a function a base current taken at 23 °C and -190 °C.  The inset 
shows the output of the TL and the LD taken at -190 °C. 
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Despite the lasing performance, the TL shows a low differential quantum efficiency (ηd), 
which is characterized by the slope of the L-I curve.  To compare the output characteristics, an 
InGaAs/In(Al0.4Ga0.6)As p-i-n LD was also grown and fabricated, which consists of a similar 
SQW active region, In(Al0.4Ga0.6)As waveguide, and InP cladding layers to the TL except that 
the waveguide and active region is undoped and top InP cladding is p-type.  The LD also has the 
same cavity length and uncoated facets.  Shown in the inset of Figure 4.21 is the L-I curves for 
the TL and the LD at -190 °C in CW mode.  Obviously the LD has a significantly lower Ith of 2 
mA and much larger ηd.  Since the photodetector only captures a small fraction of the total light 
outputs of the TL and LD, ηd can only be compared relatively.  Using the equation: 
 
 ·  ,                                                          (4.13) 
  
where ηi is the internal quantum (or injection) efficiency of the LD, αi is the intrinsic cavity loss, 
and αm is the mirror loss, we have: 
 
· ·                                          (4.14)  
 
Using · ln , where L is the cavity length and R is the facet reflectivity, αm is calculated 
to be 30 cm-1 for both TL and LD with L =400 µm and R=0.3.  ηi(LD) and ηi(TL) are assumed to 
the same given the low temperature condition.   is determined to be ~15 experimentally.  A 
normal αi of 10 cm-1 is assumed in the SQW LD [97].  Thus αi of the TL can be roughly 
estimated by Equation 4.14.  αi is calculated to be 570 cm-1, which is remarkably large.  This is 
attributed to the strong intervalence band absorption at long wavelengths in the highly-doped 
base/waveguide region.  Indeed, the absorption coefficient could be as high as 450 cm-1 at the 
doping level of 1×1019 cm-3 in InGaAs [43], which agrees approximately with our calculated 
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value.  The photon scattering in the defected C-doped InAlGaAs layers may also contribute to 
the total loss.  Compared to the Zn-doped TL, the threshold current density is even higher in the 
C-doped TL (2.25 vs. 0.33 kA/cm2 in Zn-doped TL) due to heavier doping level(1×1019 vs. 
5.3×1018 cm-3 in Zn-doped TL) despite its higher internal quantum efficiency.  The high intrinsic 
loss essentially prohibits the both Zn- and C-doped TLs from lasing at room temperature and 
allows only a small fraction of power to be delivered to the facets after lasing at low temperature.  
Optimization of the TL design is necessary in order to further improve the performances of this 




Novel Growth Methods for High P-type Doping 
 
In the last two chapters, the doping behaviors of Zn and C and their impact on the device 
performance have been examined in detail.  Zn is shown to be hard to control in semiconductor 
matrix while C doping in InAlGaAs alloys using CBr4 suffers from inferior material quality and 
poor reproducibility and uniformity.  In an attempt to achieve p-type doping with high structural, 
electrical and optical qualities, a couple of novel growth method and technique, including atomic 
layer epitaxy and modulation doping in superlattices, were investigated.   
 
5.1 Atomic Layer Epitaxy 
Atomic layer epitaxy (ALE) has been established as a growth technique in producing III-V 
compound semiconductor materials with uniform thickness and composition [ 98 ].  A 
fundamental advantage of ALE is the self-limiting mechanism due to saturated surface reactions 
that allows for accurate control of the thickness at the atomic level [99].  By separately exposing 
the substrate with individual constituent sources, homogeneous gas-phase reactions are 
suppressed and adatoms are expected to have enhanced surface mobility [100].  Since its first 
demonstration of GaAs ALE for III-V materials [101], the ALE method has been widely 
employed in the growth of nanostructures such as QWs [ 102 , 103 ], quantum dots (QDs) 
[104,105], and delta-doped layers [76,106], III-V compound binary semiconductor films  such as 
GaAs, InAs, InP, GaN, and AlN, as well as the AlGaAs ternary alloy [99,107-113].  ALE growth 
of compound semiconductors using metalorganic and hydride sources can be readily 
implemented in a commercial MOCVD reactor by alternative pulse injection of the respective 
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sources.  The benefit of ALE includes interface abruptness, thickness uniformity, enhanced 
surface migration, and elimination of gas phase reaction. 
It is believed that in ALE the methyl-radical-terminated growing surface prohibits further 
heterogeneous decomposition of MO sources and self-limits the growth rate to one monolayer 
(ML) per cycle [114,115].  C incorporation will be encouraged by reducing the AsH3 and H2 
exposure and thus suppressing the hydrogenation of –CH3 [116,117].  This method, the so-called 
intrinsic doping, has been utilized for the p-type doping of GaAs and AlGaAs materials 
[76,114,118].  The intrinsic C doping by ALE avoids the use of any halide-based carbon 
precursors and thus the side-effects they bring about such as reduced growth rate, shifting of the 
alloy compositions, and poor growth reproducibility.  It also allows C to be built into lattice only 
on anion sites thanks to the ALE growth mechanism.  This doping method will be examined in 
the InGaAs ternary and InAlGaAs quaternary alloys, which has not been studied yet from the 
literature. 
In the homoepitaxy of binary materials, growth rates of more than or less than 1 ML/cycle 
were obtained if the growth temperature is too high or too low, and ALE of exact 1 ML/cycle has 
been realized by tuning the growth conditions to the surface-reaction-controlled regime [119].  
However, for ternary alloy epitaxy on foreign substrates, the growth kinetics on the surface 
would be much more complicated [120].  Taking InGaAs growth on InP as an example, due to 
different reactivity of MO sources, surface reaction kinetics could be totally different for In and 
Ga species and self-limiting of overall growth would be easily broken.  In addition, strain energy 
induced by lattice mismatch may also play an important role in epitaxial growth mode [121]. 
The InGaAs/InP material system has been important in the development of optoelectronic 
devices such as photodetectors and lasers and high speed electronic devices such as HBTs and 
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high-electron-mobility transistors (HEMTs).  However, the growth behavior of InxGa1-xAs 
(xIn~0.53) lattice-matched to InP by ALE have not been fully explored as compared to the well-
documented GaAs-based materials [98,121,122].  A systematic study is first presented on the 
dependence of the growth rate and alloy composition of InGaAs on the source exposure and 
growth temperature in ALE with metalorganic and hydride precursors.  By dividing the growth 
rate into InAs and GaAs components, we elucidate the critical factors that determine the cation 
incorporation and propose a growth model to explain the different incorporation kinetics of In 
and Ga during InGaAs ALE.  
 
5.1.1 Surface Reaction Kinetics in InGaAs  
InGaAs ALE was performed at 100 Torr on (001) InP substrates by alternatively injecting 
TMIn and TMGa mixture and AsH3, separated by 2 s H2 purge if not specified.  The growth 
cycle was repeated 500 times.  Growth temperature from 400 to 550 oC was investigated. 
 
 
Figure 5.1: XRD ω-2θ scans near (004) reflection for InGaAs layers with different xIn
 
The as-grown InGaAs films by ALE are specular under optical microscope and the RMS 
surface roughness is below 0.1 nm as measured by AFM in 5×5 µm2 scan areas.  Due to the thin 
layer and nearly-lattice-matching condition, InGaAs epitaxial layers with various compositions 
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in this study were assumed to be fully strained (pseudomorphic) on the substrates, satisfying the 
condition that the layers within the critical thickness for the formation of misfit dislocation [123].  
Figure 5.1 shows the XRD ω-2θ scans for InGaAs with different In compositions.  Clear 
thickness interference fringes are observed, indicating the smoothness of the surface.  Simulation 
on the XRD curves gives the information on the composition as well as thickness of InGaAs 
layers.  In the following section, we discuss how the growth parameters in the ALE influence the 
In and Ga incorporation into InxGa1-xAs alloys. 
 
5.1.1.1. Effect of AsH3 and MO precursor exposure 
 
Figure 5.2: Dependence of (a) the total growth rate and In composition of InGaAs and (b) the 
InAs and GaAs growth rates on AsH3 exposure time at 500 °C. 
 
First, we studied the effect of AsH3 exposure time on the growth rate and composition of 
InGaAs.  The growth temperature is set at 500 °C.  The flow rates for TMIn and TMGa are fixed 
at 100 and 6 sccm (corresponding to 7.6 and 16.7 µmol/min), respectively.  The pulse duration 
for the MO precursor is 3 seconds (s).  The AsH3 flow rate is fixed at 60 sccm.  Figure 5.2 (a) 
shows the growth rates and In compositions of InGaAs at different AsH3 exposure durations 
from 4 to 30 s.  Clearly both the growth rate and the composition are a strong function of the 
AsH3 exposure.  The growth rate increases from 0.37 to 0.55 ML/cycle while the In composition 
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decreases from 0.61 to 0.47 with the AsH3 exposure time.  To indentify the underlying 
mechanism, the individual growth rate of InAs and GaAs is calculated by multiplying the total 
growth rate by the In or Ga solid composition and this data is plotted in Figure 5.2 (b).  It is 
revealed that with increasing AsH3 exposure duration, the InAs growth rate does not change 
significantly and remains around 0.25 ML/cycle whereas the GaAs growth rate increases from 
0.15 to 0.29 ML/cycle and contributes to the increase of the overall growth rate of InxGa1-xAs. 
 
Figure 5.3: Dependence of (a) the total growth rate and In composition of InGaAs and (b) the 
InAs and GaAs growth rates on MO precursor exposure time at 500 °C.  Arrow indicates the 
In composition in the gas phase. 
 
Secondly, the growth rate and composition of InxGa1-xAs were investigated by varying the 
MO precursor exposure duration, with the results displayed in Figure 5.3.  In this case, the flow 
rates for TMIn and TMGa are fixed at 100 and 5.6 sccm, respectively, and the pulse duration is 
varied from 1 to 5 s.  The AsH3 flow is fixed at 60 sccm and the exposure time was 15 s.  As 
shown in Figure 5.3 (a), both the growth rate and the In composition increase significantly with 
MO precursor exposure time.  Saturation of the growth rate or composition latching is not 
observed, which is different from the results reported by other groups [121,122].  Further 
increase in the MO precursor exposure time leads to a hazy material surface, which is attributed 
to the In segregation or large lattice mismatch.  The individual growth rate of InAs and GaAs is 
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also presented in Figure 5.3 (b).  The growth rate of InAs increases linearly from 0.07 ML/cycle 
at 1 s MO precursor exposure to 0.44 ML/cycle at 5 s MO precursor exposure, whereas the GaAs 
growth rate stays almost constant at 0.2 ML/cycle.  Increase of the total growth rate is thus from 
the contribution of InAs component. 
Based on the results shown in Figure 5.2 and 5.3, it can be suggested that during ALE 
growth of InGaAs at 500 °C for given input flow rates, the incorporation of In in a growth cycle 
is mainly dependent on the TMIn supply duration and the incorporation of Ga is mainly 
dependent on the AsH3 exposure duration.  Growth kinetics of GaAs and InAs in ALE has been 
studied in detail in the literature, and there is no fundamental difference in the growth 
mechanisms of these two materials [98,99,108,114,122].  In principle, ALE is a completely 
thermally-driven process.  Homogeneous and heterogeneous reactions dominate the growth in 
different temperature regimes.  At low temperatures, the surface reactions govern the ALE 
process.  A slow surface reaction rate causes the growth rate to be smaller than 1 ML/cycle, 
which is attributed to the steric hindrance effect of group III adsorbates [108,119] or incomplete 
hydride pyrolysis [115].  At high temperature, on the other hand, significant homogeneous 
decomposition of MO sources occurs in the gas phase, which precludes an ideal saturated growth 
process by forming metal multilayers.  The ALE growth window is achieved only in the 
intermediate temperature regime, where surface-exchange reactions are fast enough while gas 
phase decomposition is still minimal.  Consequently, the ALE window strongly depends on the 
chemical stability of MO precursors.  Due to a much lower decomposition temperature of TMIn 
than TMGa, ALE growth of InAs is performed typically at a temperature 100 °C lower than that 
of GaAs [98, 124].  At a certain temperature, the surface kinetics could be totally different for the 
individual growth of InAs and GaAs.  In the present study, the different growth kinetics of InAs 
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and GaAs suggests that the surface chemical states of In and Ga adsorbates could be different.  
We speculate that at 500 oC the dominant adsorbate of In species on the growing surface is metal 
In atoms while the dominant adsorbate of Ga species is GaCH3.  It was reported that 
heterogeneous decomposition of hydrides is not strongly catalyzed on CH3-terminated surface 
while they decompose readily on metal surfaces [115].  Thus, when AsH3 reaches the growing 
surface during InGaAs ALE, the surface reactions of AsH3 on the In sites readily occur and the 
growth rate of InAs is dominated by the In atoms available on the surface.  On the other hand, 
the exchange reaction of AsH3 on the CH3-terminated Ga sites is so slow that the decomposition 
of AsH3 is incomplete for Ga species, which kinetically limits the incorporation of Ga into 
InGaAs.  With extending the TMGa exposure duration, quasi-saturation is observed and the 
growth rate of GaAs is only determined by AsH3 supply.  For the growth of InGaAs by ALE, 
therefore, a self-limiting process could not be realized at this temperature due to the unsaturated 
growth rate of InAs. 
From Figure 5.2 and 5.3, it should also be pointed out that tuning the composition of 
InGaAs alloys by ALE is very challenging and relies on precise control of both MO precursor 
and AsH3 exposure time as well as the input TMIn/TMGa ratio in the gas phase.  In conventional 
MOCVD growth of alloys containing In and Ga, the distribution coefficient of In (defined as the 
ratio of the concentration of In to Ga in the solid divided by that in the vapor) is close to but less 
than unity, which holds true for InGaAs, InGaP, and InGaN materials using TMIn and TMGa 
[125].  However, the In distribution coefficient in the ALE growth of InGaAs is much larger than 
unity and is dependent on precursor exposure duration, as indicated in Figure 5.2 and 5.3.  A 
distribution coefficient of 4.4 is calculated at MO exposure of 5 s in Figure 5.3 (a), where the In 
composition in the gas phase is indicated by arrow.  Only when the MO precursor exposure 
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duration is 1 s, the In composition in the epitaxial layer equals to that in the gas phase, which 
means the In distribution coefficient is exactly unity.  It is possible that for 1 s TMGa exposure, a 
15 s AsH3 exposure is long enough to release the methyl radicals from GaCH3 adsorbates and 
deplete Ga species within a growth cycle.  Since the In species is depleted completely in a cycle, 
the solid-phase composition would be essentially the same as the gas-phase composition. 
 
5.1.1.2. Effect of H2 purge  
 
 
Figure 5.4: Dependence of the InAs and GaAs growth rates on H2 purge time. 
 
If the InGaAs ALE growth is partially dominated by incomplete AsH3 decomposition, 
carbon incorporation is expected to increase due to ineffective removal of methyl radicals 
[116,117].  Besides increasing AsH3 exposure time, carbon incorporation can be reduced by 
increasing the H2 purge time after TMGa exposure.  Figure 5.4 shows the growth rates of InAs 
and GaAs in InGaAs ALE growth with different H2 purge times.  The flow rates for TMIn and 
TMGa are fixed at 100 and 5.6 sccm, respectively, and the MO-source pulse duration is 3 s.  The 
following H2 purge is varied from 2 to 8 s.  The AsH3 flow is fixed at 60 sccm and is on for 15 s.  
Apparently, Ga incorporation is encouraged by the H2 purge.  This can be explained by the 
enhanced removal of methyl radicals during H2 purge, resulting in more metal-terminated Ga 
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sites and thus more ready decomposition of AsH3.  As a comparison, growth rate of InAs is not 
significantly influenced by H2 purge. 
 
5.1.1.3. Effect of growth temperature 
Since ALE is a thermally-activated process, InGaAs ALE growth at different temperatures 
has also been investigated.  Figure 5.5 (a) shows the total growth rate of InGaAs and individual 
growth rate of InAs and GaAs as a function of MO precursor exposure time at a growth 
temperature of 550 °C.  During this study, the TMIn flow is fixed at 100 sccm while TMGa is 
varied from 1.5 to 6 sccm.  The AsH3 flow is fixed at 90 sccm and is on for 3 s.  Both InAs and 
GaAs growth rates increase with MO exposure, and no saturation is observed for the GaAs 
component.  This result suggests that the surface reaction rate on Ga sites is enhanced 
significantly by elevating the temperature by 50 °C, possibly due to the enhanced methyl radical 
removal during heterogeneous decomposition of TMGa, and the incorporation of Ga is 
determined by the TMGa supply.  By doubling the flow rate or exposure time of AsH3, no 
noticeable change in In composition or growth rate is observed. 
 
 
(a)      (b) 
Figure 5.5: (a) Dependence of the total growth rate, InAs and GaAs growth rates on MO 
exposure time at 550 °C; (b) xs/(1-xs) as a function of xv/(1-xv) for InGaAs ALE at 550 °C. 
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The relationship between the In solid composition (xs) and vapor composition (xv) is also 
studied.  In Figure 5.5 (b), xs/(1-xs) is plotted against xv/(1-xv) for different input MO precursor 
flow rates, with the slope corresponding to the In distribution coefficient.  The In distribution 
coefficient is calculated to be 0.67 through a linear fit, which is close to those in conventional 
MOCVD growth using TMIn and TMGa [125].  The similar incorporation kinetics of In and Ga 




Figure 5.6: Dependence of the total growth rate, InAs and GaAs growth rates on AsH3 
exposure time at 400 °C. 
 
On the other hand, at significantly lower temperature, the surface reactions may govern 
both InAs and GaAs growth.  ALE growth of InGaAs was performed at 400 oC.  In this case, the 
growth rates of both InAs and GaAs are limited by the AsH3 supply, as indicated in Figure 5.6, 
where TMIn and TMGa are fixed at 100 and 8 sccm, respectively, for 4 s, and AsH3 flow rate is 
150 sccm.  A total growth rate of 0.7 ML/cycle is obtained at an AsH3 exposure time of 20 s.  
The growth rate is still lower than 1 ML/cycle, which is attributed to the steric hindrance effect 
[108,119].  The In distribution coefficient is calculated to be around 3, which indicates a lower 
kinetical barrier for the incorporation of In into InGaAs than that of Ga. 
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In the present study, the growth rate of InGaAs is less than 1 ML/cycle in all circumstances.  
Saturated growth occurs when MO sources do not stick to the CH3-terminated surface, which is 
only possible at low temperatures.  Achieving a true self-limiting growth depends not only on 
sufficient MO exposure to reach a unity surface coverage but also on enough H2 purge and AsH3 
exposure.  In addition, the steric hindrance effect may complicate the overall process. 
 





     (b) 
Figure 5.7: 5×5 µm2 AFM images for InGaAs grown by (a) ALE and (b) MOCVD at 500 °C. 
 
A 200 nm InGaAs layer was grown by ALE with 3 s MO exposure, 4 s H2 purge, 15 s 
AsH3 exposure, and 2 s H2 purge.  For comparison, another InGaAs layer of the same thickness 
was grown using conventional MOCVD at the same temperature of 500 oC and a V/III ratio of 
120.  The lattice-matching condition was obtained by tuning the MO source flow rates.  AFM 
indicates a better surface morphology by ALE growth, characterized by well-defined atomic 
steps and low RMS roughness as shown in Figure 5.7 (a) in contrast to the InGaAs grown by 
conventional MOCVD in Figure 5.7 (b).  In addition, PL measurement shows a stronger 
emission from ALE InGaAs, as evidenced in Figure 5.8.  
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Figure 5.8: PL spectra for the InGaAs layers grown by ALE and MOCVD. 
 
Since lattice-matched InGaAs and InAlAs can be grown on InP substrates, by adjusting the 
ratio of Al to Ga flows, lattice-matched InAlGaAs quaternary layers can be obtained.  Figure 5.9 
(a) shows the PL spectra of In(AlxGa1-x)As alloy with different xAl, indicating the bandgap 
tunability of this material system by ALE.  As the Al mole fraction increases, the peak 
wavelength shifts to higher energies with reduced peak intensities, as expected.  In addition, due 
to the nature of ALE growth, the adatom mobility is greatly improved at low temperature leading 
to a smooth surface.  Figure 5.9 (b) is the XRD ω-2θ scan for a 10-period 
In0.58Ga0.42As/In(Al0.4Ga0.6)As (5.5/15 nm) MQW structure by ALE at 500 oC, which shows clear 
and intense satellite peaks indicating excellent interfacial and structural quality. 
 
 
(a)      (b) 
Figure 5.9: (a) PL spectra for InAlGaAs alloys with different xAl; (b) XRD ω-2θ scan for 
In0.58Ga0.42As/In(Al0.4Ga0.6)As MQW structure. 
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5.1.3 Attempt for P-type Doping  
In GaAs ALE, C incorporation and p-type doping have been achieved by reducing the 
AsH3 and H2 exposure [116,117].  Similar approach has been taken in InGaAs ALE for C 
intrinsic doping.  AsH3 exposure time was reduced from 15 s to 2.5 s and H2 exposure time was 
reduced from 2 s to 0 s.  However, no p-type conductivity was achieved in these materials, as 
indicated in Table 5.1.  The lowest n-type level is 5.0×1015 cm-3 attained with 2.5 s AsH3 purge 
and no H2 purge.  When Al was added, the material becomes too resistive to measure. 
 
Table 5.1: Purging time and free carrier concentration in In(Al)GaAs layers. 
 
The high resistivity of the In(Al)GaAs layers is attributed to the use of TMIn as the In 
source and the low Ga-CAs bond concentration in ALE.  As mentioned early in C doping using 
CBr4, the contribution of p-type conductivity in In0.53Ga0.47As:C layers is mainly from the Ga-
CAs bonds.  For the InAs components in In0.53Ga0.47As alloys, the In-C bond is weaker than As-C 
bond [79,80], which means if the decomposition product of TMIn is InCH3, C from InCH3 still 
tends to occupy the In sites to form As-CIn bonds and acts as donors.  It is considered that the 
Ga-CAs bond concentration in In(Al)GaAs by ALE can’t be made high enough to overcome the 
As-CIn bonds and to compensate the background electron level, and thus the overall conductivity 
is still n-type in our materials.  It is possible to make InxGa1-xAs layers p-type using intrinsic 
doping at low xIn [126,127], where the concentration of As-CIn bonds is lower than that of Ga-CAs 
bonds, or using external dopant such as CBr4 [78], where the concentration of Ga-CAs bonds can 
be made extremely high.  Another approach for p-type doping is to avoid the use of TMIn as In 
Material H2 purge time  (s) 






InGaAs 2 15 -1.2×1017  6358 
InGaAs 0.5 5 -2.2×1016 9108 
InGaAs 0 2.5 -5.0×1015 2220 
In(Al0.2Ga0.8)As 0 2.5 too resistive -- 
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source.  Indeed, a very high p-type level of 1×1019 cm-3 has been achieved in metalorganic 
molecular beam epitaxy (MOMBE) using solid In, TMGa, and solid As as the sources [128,129], 
where the formation of As-CIn bonds is suppressed and only Ga-CAs bonds prevail.  
 
5.2 Modulation Doping in InAs/(Al)GaAs Superlattices 
Due to the bond strength difference, C is a good p-type dopant in GaAs and AlGaAs while 
it acts as an n-type dopant in InAs, which inherently limits its doping capability in In(Al)GaAs 
alloys.  The InAs/(Al)GaAs strain-balanced (SB) superlattice (SL) was thus proposed to deal 
with this dilemma [130-132].  In this case, C incorporation can be made by intrinsic doping in 
(Al)GaAs layers while InAs layers are kept undoped to realize the modulation-doped InAs 
ud/(Al)GaAs:C SLs.  The overall material is still p-type since (Al)GaAs layers can be doped as 
high as ~1×1020 cm-3 [133,134].  The average composition in InAs/GaAs SLs can be tuned by 
changing the thickness of InAs and GaAs layers.  Compared to the In(Al)GaAs random alloy the 
horizontal transport of electrons in the SLs is enhanced by eliminating the alloy scattering while 
in the vertical direction the materials behave like ternary alloy with averaged physical properties 
[135].  More importantly, C occupation on In site is completely eliminated, which could lead to a 
higher vertical mobility and higher carrier lifetime.  InAs/GaAs SLs have shown linear optical 
properties [136] and been employed as the channel material in the FET due to their superior 
electrical properties [137]. 
    Growth of undoped InAs/GaAs SLs has been investigated on GaAs as well as InP 
substrates [135,138,139].  Cares must be taken during the growth of the highly-strained InAs and 
GaAs layers on InP.  To avoid the strain-induced three-dimensional (3D) growth [138,139], the 
thickness of InAs or GaAs layer has to be chosen below critical values.  
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5.2.1 Intrinsic Doping in (Al)GaAs Layers  
The intrinsic doping in (Al)GaAs layers has been carried out at first to identify its optimal 
growth window.  The growth was performed on semi-insulating GaAs substrates between 500 
and 600 oC.  TMGa, TMAl, and AsH3 were used as the precursors.  No external dopant was 
employed.  The 300-nm samples were annealed at 500 oC for 1 min in N2 ambient.  C 
incorporation is encouraged by reducing the growth temperature and V/III ratio.  Figure 5.10 (a) 
displays the free hole concentration as a function of growth temperature at different V/III ratio.  
The hole concentration increases with decreasing the temperature and V/III ratio and hole levels 
as high as 8.2×1019 cm-3 and 1.0×1021 cm-3 have been achieved in GaAs and Al0.25Ga0.75As, 
respectively.  However, a low V/III ratio also leads to degradation of surface morphology, as 
indicated by AFM.  Combined with the morphology and hole concentration, the optimal V/III 
ratio for GaAs was found to be 3.2 at 600 oC, 2.4 at 550 oC, and 1.6 at 500 oC.  Figure 5.10 (b) 
shows the 5×5 µm2 AFM image for GaAs grown at 550 oC with a V/III of 2.4.  A low RMS 




     (b) 
Figure 5.10: (a) Hole concentration as a function of temperature at different V/III ratio in 
GaAs and AlGaAs; (b) AFM image for GaAs grown at 550 oC with a V/III of 2.4. 
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5.2.2 Modulation Doping in InAs/(Al)GaAs SLs  
Due to the large lattice mismatch of GaAs and InAs with InP (GaAs: -4.2%; InAs: 3.2%), 
growth of GaAs and InAs on InP is subjected to defect generation and surface deterioration.  In 
particular, the tensile-strained GaAs on InP suffers from strain relaxation after a critical layer 
thickness [123] whereas the compressive-strained InAs on InP suffers from the island formation 
(3D growth) after forming a wetting layer [138-141].  It is, therefore, essential to control the 
thickness of both GaAs and InAs below critical values and maintain a 2D growth mode to ensure 
the high quality of the SLs. 
To identify the individual critical thickness, we grew a serial of GaAs/In0.53Ga0.47As and 
InAs/In0.53Ga0.47As SLs on InP with fixed InGaAs thickness and various GaAs or InAs thickness.  
The SL structures were examined by the optical microscope and XRD.  Figure 5.11 shows the 
XRD ω-2θ scans for 30-period of GaAs/InGaAs (0.92/9.5 nm) and InAs/InGaAs (0.31/9.5 nm) 
SL structures.  Clear and strong satellite peaks are visible, indicating abrupt interfaces.  Further 
increasing the thickness of GaAs or InAs results in weak XRD peaks and poor surface 
morphology, suggesting the manifestation of strain relaxation or island formation.  It was found 
that the critical thickness is ~1 ML (0.3 nm) for InAs and ~3 ML (0.9 nm) for GaAs. 
 
 
Figure 5.11: XRD ω-2θ scans for 30-period of GaAs/InGaAs (0.92/9.5 nm) and InAs/InGaAs 
(0.31/9.5 nm) SLs. 
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As the thickness of InAs and GaAs has to be nearly equal to maintain the lattice matching 
condition on InP, the thickness of InAs and GaAs was chosen to be ~1 ML in a SL period.  The 
growth temperature was fixed at 550 oC to utilize the high p-type doping in GaAs at this 
temperature.  The V/III ratio was 120 and 2.4 in InAs and GaAs, respectively.  After the growth 
of a 200-period InAs/GaAs SL structure, the surface was specular under optical microscope.  
Figure 5.12 (a) shows the XRD ω-2θ scans for the 200-period InAs/GaAs (0.30/0.30 nm) and 
InAs/Al0.15Ga0.85As (0.30/0.33 nm) SL structures.  Only the zeroth order peak is observed.  
Nearly lattice-matched condition is obtained with average xIn of 0.514 and 0.47 in the InAs/GaAs 
SLs and InAs/AlGaAs SLs, respectively.  Figure 5.12 (b) displays the 5×5 µm2 AFM image for 
the InAs/GaAs SLs.  The surface of the SL structure is characterized by 3D islands with a high 
RMS value of 3.91 nm, possibly resulting from the large strain within the layer.  In addition, no 
PL emission was detected from these samples at room temperature.      
 
(a)      (b) 
Figure 5.12: (a) XRD ω-2θ scans for the 200-period of InAs/GaAs (0.30/0.30 nm) and 
InAs/Al0.15Ga0.85As (0.30/0.33 nm) SLs; (b) AFM image for the InAs/GaAs SLs. 
 
The electrical properties for different InAs/(Al)GaAs SLs are summarized in Table 5.2.  
Again, no p-type conductivity has been achieved in these samples.  The lowest n-type 
background level is 1.4×1017 cm-3 in InAs/GaAs SLs, which is even higher than that in InGaAs 
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random alloy grown by conventional method.  The mobility in the SLs is also much lower than 
that in InGaAs random alloy due to the scattering of the rough surface. 
 
Table 5.2: Free carrier concentration in InAs/(Al)GaAs SL structures. 
 
The n-type conductivity in the InAs/(Al)GaAs SLs is attributed to the thin GaAs layer 
thickness (1 ML).  To satisfy the lattice matching condition, the thickness of GaAs is limited by 
the critical thickness of InAs on InP, which is normally 1-2 ML determined by the wetting layer 
thickness [139,141,142].  Within such a thin thickness, AsH3 carry-over from InAs to GaAs or 
As-CGa exchange at GaAs to InAs interfaces may occur, which makes it difficult to preserve the 
high p-type level and unable to compensate the n-type background. 
In conclusion, ALE and SL structures are proved to be inadequate for p-type doping in 
In(Al)GaAs.  In ALE, although excellent structural and optical quality achieved in In(Al)GaAs 
layers, the concentration of Ga-CAs bonds is not high enough to overcome the As-CIn bonds.  In 
InAs/(Al)GaAs SLs, separate doping in InAs and GaAs is possible; however, the thin thickness 
of GaAs layer limited by the wetting layer thickness of InAs on InP can’t compensate the n-type 
background level.  
  
Material Carrier concentration (cm-3) Mobility (cm2/V·s) 
InAs/GaAs SLs -1.37×1017  2100 
InAs/Al0.15Ga0.85As SLs -1.44×1017 1629 
InAs/Al0.25Ga0.75As SLs -1.65×1017 1670 
InAs/Al0.4Ga0.6As SLs -1.75×1017 1465 
InGaAs random alloy -9.26×1016 6358 
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CHAPTER 6 
Epitaxial Design of a Long Wavelength TL 
 
Unlike a conventional p-i-n LD, where the light emission relies on simultaneous injection 
of both electrons and holes into the active region, TLs utilize the minority carrier recombination 
in the QW with the majority carrier level staying almost constant in the base.  Take an NpN TL 
as an example.  Figure 4.15 depicts schematically the carrier distribution profile in the TL in 
forward active mode.  While the electron quasi-Fermi level in the QW is controlled by the base-
emitter voltage, the hole level is essentially pinned by the base doping level and its quasi-Fermi 
level cannot be changed during device operation.  In order to achieve population inversion and 
subsequent stimulated emission, the base doping must be high enough to “preset” the hole quasi-
Fermi level in the QW and boost the optical gain.  One the other hand, a too high p-type doping 
level inevitably leads to strong intervalence band absorption (IVBA) and a high optical loss, 
which eventually prohibits the device from lasing as we have observed from the C-doped TL.  
Therefore, optimization of the base doping level could be of critical importance in realizing a 
low-threshold long-wavelength TL.  
In view of the limited device performance of the TLs, we present theoretical analysis and 
numerical calculation on the threshold condition of an InAlGaAs/InP TL using a rather simple 
yet effective approach.  Based on the steady state condition that gain is balanced by loss, the base 
doping level and thickness are numerically investigated through evaluating the threshold carrier 
and current densities.  We show how facet coating, structure engineering, and QW design affect 
the threshold and output characteristics, which provides insightful guidance in designing a high-
performance long-wavelength TL. 
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6.1 Gain and Loss in a Transistor Laser 
As illustrated in Figure 4.15 and derived from Equation 4.7 and 4.8, in a TL below 
threshold the 2D bound carrier density in the QW  is related to the unbounded carrier 
density  around QW through the expression of : 
 
.                                                        (6.1) 
 
In a TL, the profile of  is tilted, set by the boundary condition at the reverse-biased BC 
junction.  As a result, if more than one QW is employed in the active region, the 2D bound 
carrier density in the second QW will be lower than that in the first one close to the BE junction 
given the same  and , and may not contribute to the optical gain.  Therefore, the tilted 
charge distribution in the TL necessitates the use of a SQW.  
In an HBT or a TL, the base current  is to resupply holes and to maintain the charge 
neutrality in the base region.  As the base is usually highly doped, the hole level is insensitive to 
any hole injection and fixed at the doping level of  [143].  The confined hole density in the 
undoped QW region can be obtained based on self-consistent solutions of both Poisson’s and 
Schrödinger’s equations.  For simplicity, we assume that the hole level in the QW is also  
considering its small volume relative to the base region.  As we will see, this approximation 
gives a direct and critical link between the optical gain and loss while introducing minimal error.  
The dominant base current component of a TL is the radiative recombination current [19]. 
Now the active region of a TL can be regarded as a SQW sandwiched by two highly-
doped p-type layers with a variable electron density of  and a fixed hole density of  in the 
well.  The p-type region also serves as the waveguide of the TL.  Based on this simple scenario, 
we carry out calculations on the optical gain and loss in steady state close to the threshold 
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condition.  Assuming that in the SQW all subbands are parabolic and that optical transitions obey 
rigorous k-selection rules, the peak gain  occurs at the band edge transition, i.e., when: 
 
,                                                  (6.2) 
 
where  is the photon energy,  is the bandgap energy, and  and  are the first quantized 
energy levels of electrons and holes, respectively [144].  Neglecting transition broadening,  
can be expressed as: 
 
.                                                 (6.3) 
 
 and  are the Fermi electron occupation factors at the conduction and valence band 
edges, respectively.   
 
⁄  ,                                                (6.4) 
 
⁄  ,                                                (6.5) 
 
where  and  are the electron and hole quasi-Fermi levels, respectively.   is a material 
constant given by: 
 
,                                                  (6.6) 
 
where  is the angular frequency of light,  is the permeability,  is the dielectric constant,  is 
the reduced effective mass given by ·  ,  and  are the effective mass of electrons and 
holes, respectively,  is the QW width, and  is the matrix element of the dipole moment 
[42,145]. 
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To get a more clear relationship of  on the carrier density, Equation 6.3 can be 
rewritten as [144-146]:  
 








∑ ⁄∞ . 
 
 and  are the nth quantized energies in conduction band and valence band, respectively.  
Equation 6.7 is the exact expression of  if only one conduction and one valence subband are 
occupied.  Only heavy hole band and TE mode are considered in the derivation.  With 
independent control over electron and hole densities, in a TL we have: 
 
1 ⁄ ⁄ .                                    (6.8) 
 
As the highly p-doped region serves as the waveguide in a TL, IVBA is considered as the 
main intrinsic loss mechanism.  Assuming that other losses such as free carrier absorption in the 
cladding layers or photon scattering at the interfaces are negligible, the total optical loss ( ) of a 
TL is: 
 








ln .                                                    (6.11) 
 
 is the intrinsic loss and  accounts for mirror loss (optical output).  In Equation 6.10 and 
6.11, Γ  and Γ  are the optical confinement factors of the waveguide and QW, respectively, 
 is the IVBA coefficient,   is the cavity length, and  and  are the facet reflectivity.  Then 






Γ 1 ⁄ ⁄ Γ Γ ln .      (6.12) 
 
The recombination lifetime  in Equation 4.7 at high injection level is given by [6]: 
 
.                                      (6.13) 
 
Neglecting  in high-quality materials [95], at threshold when =  we obtain the threshold 
current density as: 
 
.                           (6.14) 
 
where q is the electron charge.  It should be pointed out that  accounts for the net current that 
flows into the QW, which is exactly the difference between the emitter current  and collect 
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current  if the recombination current in base bulk region is neglected.  In this case, the base 
current is: 
 
,                                                    (6.15) 
 
where  is the emitter size. 
Starting from these equations, we study the threshold condition in TLs.  Two structures 
have been examined, i.e. a double heterostructure (DH) TL and a separate confinement 
heterostructure (SCH) TL.  
 
6.2 Double Heterostructure Transistor Laser 
 
 
Figure 6.1: Schematic band diagram and refractive index profile for an N-InP/p-
In(Al0.4Ga0.6)As/N-InP DH TL. 
 
Figure 6.1 shows the schematic band diagram and refractive index profile for an N-InP/p-
In(Al0.4Ga0.6)As/N-InP DH TL (similar to Figure 4.17 (a)).  In the structure, the InP emitter and 
collector serve as the cladding layers and In(Al0.4Ga0.6)As base serves as the waveguide layer.  
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An 8 nm undoped compressive-strained In0.58Ga0.42As QW is placed in the middle of the base.  
In practice, Si can be used as the n-type dopant while C as the p-type dopant.  The collector 
region includes (towards the growth direction) an InP:Si subcollector (300 nm, n=1×1019 cm-3), 
an InAlAs:Si etch stop (20 nm, n=1×1019 cm-3) and an undoped InP collector/cladding (300 nm) 
and the emitter region includes a lightly-doped InP:Si emitter spacer (75nm, n=2×1017 cm-3), an 
InP:Si emitter/cladding (1500 nm,  n=5×1018 cm-3) and an InP:Si+ contact (50 nm, n=1×1019 cm-
3).  The In(Al0.4Ga0.6)As waveguide thickness dWG and base doping level NB are variables to be 
determined.  The whole structure is symmetric.  Experimentally we have demonstrated a TL 
based on this structure operating at 77 K in continuous wave mode with NB of 1×1019 cm-3 and 
dWG of 125 nm. 
The optical confinement factors are a single function of dWG.  Figure 6.2 is a plot of Γ  
and Γ  against dWG for the DH TL.  Note Γ  takes into account the confinement in the whole 
waveguide region.  It is clear that Γ  increases with dWG and then saturates at 1.6% while Γ  
is much larger than Γ .  
 
 
Figure 6.2:  and  as a function of dWG in the DH TL. 
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From Equation 6.12 one can tell that the solution of  is strongly dependent on the 
choice of  and dWG.  In certain circumstances, there is no solution for , which means that 
the total loss is larger than the maximum gain even when  approaches infinity.  Therefore, 
we define maximum available gain  as:  
 
Γ 1 ⁄                                            (6.16) 
 
to account for the modal gain when the pumping level is very high and the term ⁄  is 
negligible.  And the total loss again is: 
 
Γ Γ ln .                               (6.17) 
 








∆ .                                                         (6.19)   
 
If ∆ is negative, there will be no solution for .  To reduce , it is necessary to maximize ∆ 
by optimizing  and dWG.   
We inspect a TL with a cavity length  of 800 µm and as-cleaved mirrors of 
0.3, which gives a mirror loss of 15 cm-1.   is chosen to be 4×10-17 cm-2 [42,43] and  is 4847 
cm-1 for an 8 nm SQW [145].   and  are 0.051  and 0.217 , respectively [147], where 
 is the electron rest mass.   and  are computed to be 7×1017 cm-3 and 3×1018 cm-3, 
respectively using a finite barrier model assuming ∆ 0.72∆ .  The emission wavelength is 
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1.56 µm from the band edge transition.  By plugging in  Γ  and Γ  from Figure 6.2 for a 
certain dWG, we are positioned to evaluate  and  at different . 
 
Figure 6.3:  and  as a function of  at dWG of 15, 40, and 100 nm. 
 
Figure 6.3 shows  and  as a function of  at dWG of 15, 40, and 100 nm, 
respectively.   spans from 1×1017 to 5×1019 cm-3.  At low   approaches  while at high 
  saturates at Γ .  It is evident that  is larger than  in most cases.  At dWG of 15 
nm,  is too low to overcome  resulting from a small Γ .  On the other hand, at dWG of 100 
nm,  is too high for  due to a large Γ .  Only at dWG of 40 nm,  and  have 
intersections in a certain range of , which indicates that ∆ is positive and  exists only at this 
narrow range. 
To get a full picture of the “living zone” for the DH TL, a 2D contour plot (map) of ∆ on 
dWG and  is generated, as displayed in Figure 6.4 (a).  dWG is from 10 to 160 nm and  is 
from 1×1017 to 2×1019 cm-3.  Clearly only a narrow zone with positive ∆ will support lasing, with 
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the maximum ∆  of 0.6 cm-1 obtained at 35 nm  and 4 10  cm .  Thus, to 
achieve a long wavelength DH TL at room temperature, the base doping and thickness should be 
stringently and precisely controlled.  Our original design with NB of 1×1019 cm-3 and dWG of 125 
nm is way out of this range, which prohibits the DH TL from lasing at room temperature and 
also limits its output power after lasing 77 K.  
 
(a)      (b) 
Figure 6.4: 2D contour plot of ∆ for the DH TL with (a) as-cleaved mirrors and (b) coated 
mirrors. 
 
As implied from Figure 6.3, one way to ease the lasing condition and expand the 
selectable range is to lower the mirror loss .  For example, if coated mirrors are employed 
with 0.95  and 0.7, the mirror loss will be reduced to 2.5 cm-1.  Figure 6.4 (b) shows 
the 2D contour plot of ∆  for a DH TL at this condition.  The region with positive ∆  is 
tremendously extended and the maximum ∆ is 13.1 cm-1, much larger than in the uncoated case.  
Consequently, the threshold current density will be remarkably reduced.  However, the highly-
reflective mirrors also bring about reduced optical output.  The threshold current density and 
optical output of these devices will be discussed later.    
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6.3 Separate Confinement Heterostructure Transistor  
 
Figure 6.5: (a) Schematic representation of band structure and refractive index profile of a 
SCH TL; (b) Calculated equilibrium band diagram. 
 
In the DH TL structure, the confinement factors in the QW and waveguide are dependent 
on the waveguide thickness as revealed in Figure 6.2.  Whereas increasing dWG leads to enhanced 
Γ  and , it also results in a large Γ  and thus a large .  This apparent trade-off can be 
eliminated by moving part of the waveguide layers into the emitter and collector regions to form 
a SCH TL.  In this case, the SCH layer thickness can be chosen to maximize Γ  while not 
affecting Γ .  Shown in Figure 6.5 (a) is the schematic band diagram and refractive index 
profile for a SCH TL.  In the structure, In(Al0.47Ga0.53)As alloy is chosen as the SCH material.  
When the Al composition in In0.53(AlxGa1-x)0.47As  alloys increases, the band offset between 
InAlGaAs and InP changes from the straddling lineup for InGaAs to the staggered lineup for 
InAlAs, and a nearly continuous conduction band heterostructure is formed at a relative Al 
composition of 47% [47], as implied from Equation 1.2.  As a result, no electron blocking is 
expected if part of the InP cladding is replaced by In(Al0.47Ga0.53)As alloy.  The SCH layer is 
either n-type doped in emitter or undoped in collector and the optical loss in these layers is 
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neglected since the free carrier absorption in n-type V-III materials are much smaller than IVBA 
in p-type materials [148].  Thus Γ  still refers to the optical confinement in the highly-doped 
base/waveguide layers.  The structure enjoys a short base/active region and an extended cladding, 
similar to a SCH LD.  The continuous conduction band in the emitter facilitates electron 
transport while holes are blocked by a thin (20 nm) InP layer.  With both In(Al0.47Ga0.53)As and 
InP being the emitter, the structure exemplifies a composite emitter concept [149].  The thin InP 
layer severs as an emitter, an etch stop, and a base passivation layer.  The base/active region is 
similar to that in the DH TL with  and dWG to be determined.  Figure 6.5 (b) illustrates the 
calculated band diagram for a SCH TL with 50 nm  and 1 10  cm .  The 
whole structure is nearly symmetric. 
 
 
Figure 6.6:  and  as a function of dWG in the SCH TL. 
 
Figure 6.6 shows the dependence of Γ  and Γ  on dWG in the SCH TL.  The SCH 
layer thickness is chosen in the way that a maximum Γ  is obtained.  Not surprisingly Γ  
remains almost constant at maximum value of 1.6%.  The 2D contour of ∆ for the SCH TL with 
the same cavity length and as-cleaved mirrors is generated, with the results displayed in Figure 
6.7.  Area with positive ∆ is conspicuous in this map.  ∆ increases significantly as dWG decreases, 
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which is a result from reduced Γ .  The SCH TL promises improved threshold characteristics 
than the DH TL.   
 
 
Figure 6.7: 2D contour plot of ∆ for the SCH TL with as-cleaved mirrors. 
 
With ∆ being known,  can be calculated using Equation 6.18, and subsequently  can 
be obtained using Equation 6.14.  B and C are assumed to be 1×10-10 cm3/s and 5×10-29 cm6/s, 
respectively [95,96].  To compare the threshold characteristics of the DH TL and SCH TL, we 
calculate  and  as a function of  at a fixed dWG of 40 nm.  Figure 6.8 summarizes the 
results for the DH TLs with as-cleaved and coated mirrors and the SCH TL with as-cleaved 
mirrors, with  in (a) and  in (b).  The DH TL with as-cleaved mirrors shows the highest  
and narrowest  range.  The lowest  attainable with the as-cleaved DH TL is 3.0×1018 cm-3.  
By using coated mirrors or a SCH structure, the selectable  range is significantly expanded 
and lowest  attainable is around 1.0×1018 cm-3.   exhibits a similar trend for the DH and 
SCH TLs.  The lowest  attainable with the DH TLs with as-cleaved and coated mirrors and the 
SCH TL with as-cleaved mirrors are 642.8, 31.4, and 111.6 A/cm2, respectively.  In all the 
devices  increases significantly with  owing to a reduced carrier lifetime.   
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Figure 6.8: Dependence of (a)  and (b)  on  for the DH and SCH TLs. 
 
Reducing the mirror loss by using either facet coating or longer cavity helps to reduce the 
threshold current density, but it also limits the optical output power.  For a given current 
injection level above threshold, the optical output of a LD or a TL is proportional to 
⁄ , as from Equation 4.13.  Figure 6.9 shows the dependence of ⁄  on 
 for the DH and SCH TLs.  dWG is still kept at 40 nm.  The value of  ⁄  drops 
rapidly with , with the coated DH TL being minimal.  Considering both threshold and output 
characteristics, the SCH TL design represents an optimal balance between the threshold current 
density and optical output power.  
 
 
Figure 6.9: Dependence of ⁄  on  for the DH and SCH TLs. 
109 
6.4 Quantum Well Design  
For a conventional LD with lossy waveguide, one way to boost the optical gain is to use 
MQWs.  However, the nonuniform distribution of electrons in the base restricts us to a SQW.  
Another universal way to reduce the threshold current density is to incorporate some strain in the 
active region, which modifies the hole effective mass and thus lowers the value of  in 
Equation (8) [144,147].  We calculate the  and  as a function of  for SCH TLs at a fixed 
dWG of 40 nm with 8 nm strained InxGa1-xAs QW.  The In composition x varies from 58%, 60%, 
63%, to 68%, corresponding to a compressive strain of 0.32%, 0.47%, 0.68%, and 1%, 
respectively.  The results are summarized in Figure 6.10.  As expected, both  and  decrease 
steadily with increasing In composition.  A lowest  of 73.5 A/cm2 is obtained for the TL with 
an In0.68Ga0.32As SQW. 
 
Figure 6.10: Dependence of (a)  and (b)  on  for SCH TLs with different strain in the 
QW. 
 
QW thickness  is also an important parameter to deal with.  The dependence of  and 
 on  in QW LDs is rather complicated [150].  On the one hand, although an enhanced Γ  
resulting from increasing  is completely offset by the  factor in , leading to a little 
variation of Γ  product, increasing  does increase the modal gain by reducing  and  
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and thus filling band more effectively.  On the other hand,  may rise as it is proportional to  
from Equation 6.14.  Figure 6.11 shows the calculated  and  as a function of  for the 
same SCH TL structure with  of 8, 12, and 16 nm.  The QW material is In0.58Ga0.42As.  While 
 is clearly shown to decrease with ,  is minimal at 12 nm .  The lowest  
attainable is 72.9 A/cm2 for the TL with a 12 nm SQW.  It should be pointed out that the 
calculation does not consider the variation of emission wavelength caused by the change of strain 
or QW thickness. 
 
Figure 6.11: Dependence of (a)  and (b)  on  for SCH TLs with different  of the QW. 
 
With improved performance achieved through the active region design, comparison is 
made between the TLs and a conventional LD.  We consider a p-i-n SCH SQW LD with a 
similar structure to Figure 6.5 (a) except the doping profile, i.e., the waveguide is undoped and 
top cladding is p-doped.  Again, dWG is fixed at 40 nm and an 8 nm strained In0.58Ga0.42As QW is 
employed.  The intrinsic loss in the LD is assumed to be 5 cm-1 [97].  Table 6.1 summarizes the 
performances of the LD and SCH TLs with different QW designs.  As-cleaved mirrors are 
adopted for all the devices.   is chosen such that the minimal  is achieved in each TL.  The 
transparent carrier density  is solved by setting  to zero in Equation 4.8.  As compared to 
the LD,  is reduced in SCH TLs due to the base doping.   is higher in the TL with the same 
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SQW because of higher .  However, by putting more strain or increasing the QW thickness,  
can be made as low as ~73 A/cm2, which is almost the same as that in the LD.  If a 12 nm 
In0.68Ga0.32As SQW is employed,  is as low as 42.3 A/cm2 and ⁄  factor is also 
close to that in the LD.  These results indicate that the long wavelength TLs are able to achieve 
similar DC performances to the LDs by means of structure engineering, proper selection of base 
doping, and improved design of the QW.   
 
Table 6.1: Summary of the TL and LD performances with different QW designs. 
 SCH LD SCH TL SCH TL SCH TL SCH TL 









 (×1018 cm-3) --- 1.5 1.3 1.3 0.9 
 (cm-1) 5 9.6 8.3 8.8 6.1 
⁄  75% 61% 64% 63% 71% 
 (×1018 cm-3) 0.93 0.65 0.64 0.43 0.49 
 (×1018 cm-3) 1.51 2.08 1.75 1.28 1.19 
 (A/cm2) 73.3 111.6 73.5 72.9 42.3 
 
During the calculation, we have taken a simplified approach to the gain-loss relationship 
to avoid time-consuming calculations as well as to provide a direct analytical expression about 
the effects of structural parameters on the lasing condition.  In the gain spectrum, the transition 
broadening due to the interband relaxation process is neglected, which both lowers the peak gain 
and shifts it to higher energy [145].  The actual hole level in the QW is verified to be lower than 
 (within an error less than 20%), which also leads to an overestimate of the optical gain 
especially in TLs with thin base or thick QW.  In addition, the TL structure needs to be examined 
and validated from the perspective of an HBT, where metal contact will be made on the base.  
112 
Consequently, a thin highly-doped base contact layer is required in the structure and the product 
of base doping and base thickness has to be large enough to ensure a low sheet resistance.  
Nevertheless, this is the first theoretical attempt to tackle the TLs that combine both LD and 
HBT physics.  With the improvement in the performances of long wavelength TLs, more 
complicated and accurate models will be necessary to account for the detailed structural 
parameters of these novel devices. 
To summarize, this chapter presents theoretical investigation and numerical evaluation of 
InP/InAlGaAs TL structures in terms of the threshold and output characteristics from the 
perspective of a pure light emitter.  The NpN TL can be regarded as a SQW inserted into a 
highly-doped p-type layer with an electron density pumping by emitter injection and a hole 
density fixed at the base doping level.  The optical gain is calculated using a simplified k-
selection model while IVBA is assumed to the main intrinsic optical loss.  It is revealed that 
room-temperature lasing of an N-InP/p-In(Al0.4Ga0.6)As/N-InP DH TL can be achieved only if 
the waveguide thickness and base doping level of the TL are within a specific narrow range 
centered around 35 nm  and 4 10  cm .  The selectable working range is 
tremendous expanded by using facet coating or a SCH design, where part of the waveguide is 
moved into the emitter and collector regions.  The SCH TL is shown to have an optimal balance 
between the threshold current density and optical output characteristics.  In addition, the 
performances of SCH TLs can be improved by employing more compressively-strained or 
thicker QW as the active region, and the threshold current density can be lowered to sub-100 





Research Summary and Future Work 
 
III-V compound semiconductor materials and devices remain as an active and vital 
research area for system integration and technological innovation for the past 50 years.  The band 
gap engineering, enabled by the advanced growth method such as MBE and MOCVD, brings 
about improved device performance and novel device functionalities.  The invention of light 
emitting transistor (LET) and transistor laser (TL), for example, bridges the areas of electronic 
and optoelectronic devices and takes the advantages of both types of devices, which opens up 
many immediate and potential applications in optoelectronic integrations.   
The GaAs-based LETs and TLs have demonstrated high-speed operation and dual 
functionalities at 980 nm.  To extend the wavelength to 1330 and 1550 nm and fit this novel 
concept into the optical-fiber communication system, InP-based LETs and TLs need to be 
developed.  However, to successfully transfer the TL technology from GaAs to InP, the 
following issues need to be properly addressed.  First is to identify the doping behaviors and 
material properties of p-type InAlGaAs materials that make up of the base layers.  In particular, 
Zn is known to diffuse around in semiconductor matrix while C is not an efficient dopant.  
Second is to establish a relationship between the device performance and material properties 
based on the understanding of the device physics.  Therefore, it is necessary to bring the 
knowledge from heterojunction bipolar transistors (HBTs) and light emitting diodes (LEDs) or 
laser diodes (LDs) together to comprehensively understand the operational principles of these 
novel devices.  In addition, the high intervalence band absorption at long wavelengths gives rise 
to high optical loss and complicates the TL design compared to the GaAs-based material system. 
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The development of InAlGaAs/InP LETs and TLs with Zn- and C-doped base layers has 
been described in this work.  By incorporating InGaAs quantum wells (QWs) in the Zn-doped 
base region of the N-InP/p-InAlGaAs/N-InAlAs HBTs, LET structures were achieved with a 
current gain of 45 and light emission at a wavelength of 1650 nm.  The light output was found to 
be dependent on the base current.  The larger the number of QWs incorporated in the base of the 
LETs, the larger was the light output, with correspondingly reduced current gain.  A MQW gain-
guided LD was also grown and fabricated, with a threshold current density of 1.8 kA/cm2 and 
emission wavelength of 1545 nm at room temperature.  Based on the MQW LET and LD 
structures, a long wavelength TL was demonstrated for the first time, which operates at 77 K in 
CW mode with emission wavelength at 1542 nm.  Secondary ion mass spectroscopy (SIMS) 
shows that the p-type dopant, Zn, which is commonly used in the growth of InAlGaAs, could 
diffuse into the emitter and the base active QW region, leading to compromised electrical 
performance and light output intensity.  A detailed study on the effect of growth condition and 
device structure on Zn diffusion was performed.  It was found that three mechanisms that are 
related to the growth conditions and doping levels of the subcollector, base, and emitter could 
lead to Zn diffusion.  Growth interruption after InP subcollector growth or a relatively low Si 
doping level during the growth of subcollector, a low growth temperature for the Zn doping of 
the InAlGaAs base region, and a relatively high Si-doping in the InP emitter layer are regarded 
as the favorable conditions for the suppression of Zn diffusion.  Any deviation from these steps 
leads to Zn diffusion in certain directions.  However, even in the diffusion-suppressed LETs and 
TLs, Zn will inevitably diffuse into the active region and plague the QW due to the proximity of 
QW to the highly-doped layers, which certainly results in compromised performances of LETs 
and TLs. 
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The LETs and TLs with C-doped base were then investigated due to the low dopant 
diffusivity.  By lowering the growth temperature and V/III ratio during C doping, hole 
concentration as high as 3×1019 cm-3 has been achieved.  However, the N-InP/p-
In0.52(Al0.4Ga0.6)0.48As/N-In0.52Al0.48As HBT and LET show current gains of only 12 and 0.22, 
respective, which are much lower than those in the corresponding Zn-doped devices.  As a dual-
functional device, Zn-doped LET works like an HBT with a current gain of 45 and C-doped LET 
functions like an LED with a carrier capture efficiency of 82%.  A charge control model was 
developed for LETs taking into account the quantum capture of the unbounded minority carries 
into the bounded QW states.  The distinctive device performance of Zn- and C-doped LETs was 
found to originate from the different quantum capture efficiency and carrier lifetime in the 
quantum well due to different base doping levels.   
A C-doped N-InP/p-In0.52(Al0.4Ga0.6)0.48As/N-InP double heterostructure SQW TL was 
fabricated and it demonstrates CW operation at 77 K with a threshold current of IB=35 mA.  By 
comparing the optical output characteristics of the TL and a laser diode with similar structure, it 
is concluded that the low differential quantum efficiency and the high threshold current density 
in the TL is related the strong intervalence band absorption in the highly-doped base layer.  For a 
better TL design, we present theoretical analysis and numerical calculation on the threshold 
condition of an InAlGaAs/InP TL using a rather simple yet effective approach.  Based on the 
steady state condition that gain is balanced by loss, the base doping level and thickness are 
numerically investigated through evaluating the threshold carrier and current densities, which 
reveals only a narrow working range of supporting lasing.  We show that by using a more 
compressively-strained or thicker quantum well as the active region in a separate confinement 
heterostructure TL, it is possible to obtain a threshold current density as low as sub-100 A/cm2 at 
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room temperature.  These structures need to be examined in practice to verify the validity of the 
analysis and calculation. 
Due to the use of CBr4, the C doping in quaternary InAlGaAs suffers from a poor within-
wafer uniformity and run-to-run reproducibility.  In view of these drawbacks, novel growth 
method and technique such as atomic layer epitaxy (ALE) and strain-balanced InAs/(Al)GaAs 
superlattices (SLs) have been proposed for p-type doping.  However, no p-type conductivity in 
In(Al)GaAs layers has been achieved.  In ALE by intrinsic doping, although excellent structural 
and optical quality achieved in In(Al)GaAs layers, the concentration of Ga-CAs bonds is not high 
enough to counteract the As-CIn bonds.  In InAs/(Al)GaAs SLs, separate doping in InAs and 
GaAs is possible; however, the thin thickness of GaAs layer limited by the wetting layer 
thickness of InAs on InP can’t compensate the n-type background level.  Future work for p-type 
doping could still include CBr4 as the external dopant, but in a more controllable way.  For 
instance, using InGaAs:C/InAlAs:C SLs could possibly solve the reproducibility and uniformity 
issue by avoiding the quaternary alloys.  Using Al-free InGaAs:C/InP SLs could improve the 
structural quality and surface morphology and lead to longer carrier lifetime.  In addition, tensile-
strained InxGa1-xAs:C such as In0.4Ga0.6As:C could be a better base layer material [89], which 
enjoys a larger bandgap (0.89 eV) than In0.58Ga0.42As QW (0.7 eV) as well as a higher hole 
concentration due to higher Ga mole fraction.  In this case, Al-free base/active region can be 
made by simply tuning the In compositions, which greatly reduces the complexities associated 
with the base growth.  Optimization of the TL structure and base doping level using In0.4Ga0.6As 
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